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Summary 
An experimental investigation has been made of a round, non-buoyant plume of nitric 
oxide, NO, in a turbulent grid flow of ozone, 03, using the Turbulent Smog Chamber 
at the University of Sydney. The measurements have been made at a resolution not 
previously reported in the literature. The reaction is conducted at non-equilibrium 
so there is significant interaction between turbulent mixing and chemical reaction. 
The plume has been characterized by a set of constant initial reactant concen­
tration measurements consisting of radial profiles at various axial locations. Whole 
plume behaviour can thus be characterized and parameters are selected for a second 
set of fixed physical location measurements where the effects of varying the initial 
reactant concentrations are investigated. Careful experiment design and specially 
developed chemilurninescent analysers, which measure fluctuating concentrations of 
reactive scalars, ensure that spatial and temporal resolutions are adequate to measure 
the quantities of interest. 
Conserved scalar theory is used to define a conserved scalar from the measured 
reactive scalars and to define frozen, equilibrium and reaction dominated cases for the 
reactive scalars. Reactive scalar means and the mean reaction rate are bounded by 
frozen and equilibrium limits but this is not always the case for the reactant variances 
and covariances. The plume reactant statistics are closer to the equilibrium limit than 
those for the ambient reactant. The covariance term in the mean reaction rate is found 
to be negative and significant for all measurements made. The Toor closure was found 
to overestimate the mean reaction rate by 15 to 65%. Gradient model turbulent 
VI 
diffusivities had significant scatter and were not observed to be affected by reaction. 
The ratio of turbulent diffusivities for the conserved scalar mean and that for the r.m.s. 
was found to be approximately 1. Estimates of the ratio of the dissipation timescales 
of around 2 were found downstream. Estimates of the correlation coefficient between 
the conserved scalar and its dissipation (parallel to the mean flow) were found to be 
between 0.25 and the significant value of 0.5. Scalar dissipations for non-reactive and 
reactive scalars were found to be significantly different. 
Conditional statistics are found to be a useful way of investigating the reactive 
behaviour of the plume, effectively decoupling the interaction of chemical reaction 
and turbulent mixing. It is found that conditional reactive scalar means lack signif­
icant transverse dependence as has previously been found theoretically by Klimenko 
(1995). It is also found that conditional variance around the conditional reactive 
scalar means is relatively small, simplifying the closure for the conditional reaction 
rate. These properties are important for the Conditional Moment Closure (CMC) 
model for turbulent reacting flows recently proposed by Klimenko (1990) and Bilger 
(1993). Preliminary CMC model calculations are carried out for this flow using a 
simple model for the conditional scalar dissipation. Model predictions and measured 
conditional reactive scalar means compare favorably. The reaction dominated limit is 
found to indicate the maximum reactedness of a reactive scalar and is a limiting case 
of the CMC model. Conventional (unconditional) reactive scalar means obtained from 
the preliminary CMC predictions using the conserved scalar p.d.f. compare favorably 
with those found from experiment except where measuring position is relatively far 
upstream of the stoichiometric distance. 
Recommendations include applying a full CMC model to the flow and investi­
gations both of the less significant terms in the conditional mean species equation 
and the small variation of the conditional mean with radius. Forms for the p.d.f.s, 
in addition to those found from experiments, could be useful for extending the CMC 
model to reactive flows in the atmosphere. 
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Chapter 1 
Introduction 
Turbulent reacting flows are common in systems that make up the natural environ­
ment, such as the atmosphere, oceans and lakes, biological processes, and turbulent 
combustion. An example of a turbulent reacting flow in the atmosphere is the emission 
of oxides of nitrogen and hydrocarbons by motor vehicles, aeroplanes and industrial 
processes which mix turbulently with the atmosphere and are involved in the pho­
tochemical smog process. One result is the production of the secondary pollutant 
ozone. Most of the reactive pollutants of concern are anthropogenic (originated by 
man), however, there are significant natural sources of reactive pollutants such as 
volcanos. 
Considerable research effort has been put into the problem of the dispersion of 
atII,lospheric pollutants because of their impacts to human and animal populations and 
to the environment in general. Both health and economic impacts are considerable. 
Many of these pollutants are reactive during their atmospheric lifetime. The current 
global emission of nitrogen oxides from all sources is in the order of 1011 kg N year-1 
(Camp bell, 1986). About 40% is anthropogenic and 50% of this is the result of burning 
fossil fuels. Emissions of sulphur compounds are of the same order. These pollutants 
lead to the formation of acid rain which has a serious effect on agriculture and forests 
in the northern hemisphere. Secondary pollutants, such as ozone, can cause asthma 
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attacks, skin irritations and nausea. Some notable ozone episodes have occurred in 
industrialized cities. People needing treatment at the one time have varied from a 
few up to thousands. 
The interaction of the turbulent mixing process and chemical reactions has been a 
major problem in the understanding and modelling of turbulent reacting flows. In the 
case of the atmosphere, the one common method for modelling chemical reactions is to 
use the appropriate chemical rate equations with local average concentrations of the 
reactants. The concentration fluctuations are ignored since they cannot be handled by 
the models, nor have they been measured in the atmosphere with adequate resolution. 
In general, the average reaction rate is not determined by the average concentrations 
(first-order decay reactions are an exception) since the rate equation is non-linear. For 
the simplest non-trivial case, the second-order reaction, the reaction rate depends on 
the covariance of the reactants which is in turn determined both by the details of the 
turbulent mixing and by the reaction process itself. So there is an inextricable link 
between mixing and reaction. 
This problem of the interaction of turbulent mixing and reaction is not limited to 
the atmosphere. It occurs wherever chemical reactions take place in mixing turbulent 
flows. Thus it is important in other geophysical flows, including ground water sys­
tems, rivers, oceans and in a range of engineering applications including combustion 
and the chemical industry. Accordingly turbulent mixing and reaction interaction 
has received a lot of attention particularly in the engineering context through labora­
tory measurements, theoretical study and modelling. Greater understanding of this 
problem requires both the development of mathematical-physical models with asso­
ciated computer computation and measurements with resolution adequate to resolve 
the fluctuations of the quantities of interest, not just their averages. 
The Turbulent Smog Chamber (TSC) at the University of Sydney (described 
later) has been in use since 1980 with the aim of making high resolution measure­
ments of turbulent reacting flows under controlled conditions. A feature of the TSC is 
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a grid of large characteristic dimension so that turbulence scales will be large. A low 
mean velocity is used which is similar to atmospheric flows. Streams polluted (doped) 
with nitric oxide and ozone mix turbulently and react chemically in a well-known clas­
sical form of turbulence. Simultaneous measurements are made of both velocity and 
concentration fluctuations. For the velocity measurements the well-established tech­
nique of hot-wire anemometry is used. Instantaneous concentration measurements 
are made with specially developed chemiluminescent analysers, which have a mea­
sured frequency response of 20 Hz (20 times the frequency of the large eddies) and 
a spatial resolution of about four Kolmogorov length scales. Commercially available 
chemiluminescent analysers have a frequency response of about 1 Hz. Results have 
been obtained from the TSC for a point source of nitric oxide in a turbulent grid flow 
doped with ozone at Damkiihler numbers of order unity (time scales for turbulent 
mixing and chemical reaction are approximately the same). It is therefore possible to 
obtain the reactant covariance, instantaneous reaction rate and a conserved scalar in 
a turbulent reacting plume. Measurements at this resolution for a reactive air plume 
are not found in the literature. 
Prior to the present study the TSC had been used to investigate the following 
reactive flows: opposed jets, point source (round plume) in the wake of opposed 
jets, scalar mixing layer in grid-turbulence and line source in grid-turbulence. Round 
plumes are common in atmospheric flows yet have received little attention in the 
literature. It was therefore felt that it would be worthwhile to investigate a turbulent 
reacting round plume. The previous point source in the wake of the opposed jets was 
difficult to characterize because of the inherent instability of the flow. 
Modelling the reactive aspect of turbulent reacting flows is a complex problem. 
In atmospheric studies modelling has been at a relatively simple level, such as the 
use of the product of means closure. Recent advances have been made by Klimenko 
(1990, 1995) who studied reacting flows theoretically and obtained the result that 
reactive scalar means conditional on a conserved scalar lack significant dependence 
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on transverse location. This has also been found experimentally in a variety of other 
reacting (including combusting) flows. Conditional statistics have also been used to 
investigate other aspects of reactive flows, for example, the small relative magnitude 
of the conditional variance around the conditional mean. These findings using condi­
tional statistics have been used by Klimenko (1990) and Bilger (1993) to develop the 
Conditional Moment Closure (CMC) for turbulent reacting flows. The CMC model 
leads to considerable simplification of the equations governing variation of reactive 
scalars in the flow. 
The aim of the present research is to obtain a well-resolved set of concentration 
and velocity data for use in advancing basic understanding of turbulent reacting 
flows. The suitability of the Turbulent Smog Chamber to make the measurements 
of interest is assessed. Conditions for the experiments are selected to be within the 
limits of performance of the TSC and to investigate matters of greatest interest for the 
reactive behaviour of the plume. Plume behaviour is characterized and checked for 
internal consistency by the use of a conserved scalar obtained from the reactive scalars 
by conserved scalar theory. Comparison is made to plumes of other investigators. The 
conserved scalar is used to find limiting cases of the reactive scalars. The data are 
used to investigate a range of issues relevant to turbulent reacting flows including: 
excess or otherwise of reactants, reactant covariance, reaction rate closure, reactant 
spectra, effect of reaction on both turbulent diffusivities and scalar dissipation, and 
the correlation between the conserved scalar and its dissipation in a direction parallel 
to that of the mean flow. 
A scaling parameter, the stoichiometric distance, is developed for use in collaps­
ing the data from different axial locations and different initial reactant concentrations. 
Trends in the conditional statistics are related to the measuring position relative to 
the stoichiometric distance. The effect of varied initial reactant concentrations on the 
moments of the conserved and reactive scalars is investigated. 
The plume is further investigated using conditional statistics, conditional on a 
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conserved scalar, over a wide range of reactant inlet concentrations. Dependence on 
radial position of conditional reactive scalar means and the variance around these 
means are investigated. The relative magnitude of the conditional variance around 
its conditional mean is quantified and related to simple closure for the conditional 
mean reaction rate. Experimental conditional reactant means are compared with 
preliminary CMC predictions and the reaction dominated limit, a limiting case of 
CMC. Comparison is also made with conventional means which are obtained from 
conditional means by weighting with the conserved scalar probability density function 
(p.d.f.) and integrating in conserved scalar space. 
In the following Chapter a general review of the TSC is given. The way challenges 
of measurements in turbulent reacting flows have contributed to its development is 
discussed. Understanding of the capabilities and limitations of the TSC help place 
the present work in context. A brief literature review relevant to the present study 
is presented covering the fields of non-reactive and reactive plumes, theoretical issues 
and modelling approaches. 
The present measurements make high demands on the instrumentation, par­
ticularly the Chemiluminescent Analysers (CLA) which measure fluctuating reactant 
concentrations. Chapter 3 describes the experimental facility, including its instrumen­
tation, measurement techniques and experimental conditions. Particular attention is 
paid to the frequency response and resolution of the CLA to ensure it is adequate 
to resolve small scale scalar fluctuation. Previous mixing layer experiments are re­
peated to calibrate the facility. Conserved scalar theory is applied to this flow to 
obtain a conserved scalar from the measured reactive scalar in Chapter 4. Limiting 
cases of frozen, equilibrium and reaction dominated limits are explained. Conditional 
statistics are defined and related to conventional statistics. Simplifications leading to 
a preliminary Conditional Moment Closure equation for this flow are presented. A 
simple model for the conditional conserved scalar dissipation is used. 
The general behaviour of the plume is investigated with conventional statistics in 
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Chapter 5. The integrity of the experimental equipment and conserved scalar theory 
is checked by comparing the overall behaviour of the conserved scalar plume with 
that found by others and with that expected by theoretical considerations to give 
internal consistency. The effect of reaction on scalar transport is examined. A range 
of statistics of interest in the study of turbulent reacting flows are presented and 
discussed including probability density functions, joint statistics, spectra, turbulent 
diffusivity and scalar dissipation. 
The plume is further investigated using conditional statistics in Chapter 6. De­
pendence of conditional statistics on transverse location and closure of the condi­
tional mean reaction rate are investigated. Experimental data are compared with 
preliminary predictions from the CMC model and with the reaction dominated limit. 
Experimental and modelling results for a large range of reactant inlet conditions are 
presented and discussed. Conclusions are drawn and recommendations for future 
work are made in Chapter 7. 
Chapter 2 
Background 
2.1 Literature Review: Turbulent Reacting Flows 
This review is primarily concerned with investigations of passive reacting flows, par­
ticularly those that relate to turbulent reacting plumes. There is a large body of 
literature on the subject of turbulent reacting flows and this Chapter is quite lim­
ited by comparison. The important role of mixing in non-premixed systems is noted 
and the development of conserved scalar theory to investigate this phenomenon is 
surveyed. The experimental challenges in the investigation of scalar transport in tur­
bulent flows are explained. The current state of measurements in these flows and in 
turbulent reacting plumes, in particular, is reviewed. Some approaches to modelling 
such turbulent reacting plumes are briefly discussed and a new approach, the Con­
ditional Moment Closure, is introduced. The review concludes with a summary of 
needed experimental data and the relevance of the aims of the current investigation 
to those needs is noted. 
Knowledge of the state of mixing is essential for the study of turbulent reacting 
flows because of its controlling role in non-premixed reacting systems. Under this 
motivation conserved scalar theory has developed this century as a very useful basis 
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for the investigation of turbulent reacting flows. Burke & Schumann (1928) studying 
the laminar diffusion flame and Hawthorne, Weddell & Hottel (1949) studying the 
turbulent diffusion flame showed that it was possible to obtain the structure of these 
flames using a conserved scalar. They calculated the equilibrium limit (defined below) 
of reactive species concentrations from the mixing obtained by the use of a conserved 
scalar. Further advances have been made by Toor (1969) to predict the equilibrium 
limit reactant covariance using only the conserved scalar mixing in a plug reactor. 
Conserved scalar theory leads to considerable simplification of the scalar conservation 
equations by describing the instantaneous state of mixedness of two fluids in terms of 
a conserved scalar, to which all other conserved scalars are linearly related. Conserved 
scalars are quantities such as combinations of temperature and species concentrations 
that have no chemical source term in their conservation equations. Assumptions 
involved are low Mach number, adiabatic flow, equal diffusivities of scalars and Lewis 
number (for combusting flows) of unity. These assumptions need to be investigated 
in different flows. For example, the first measurement which showed the effect of 
Schmidt number in shear layer mixing was Breidenthal ( 1979). Later Koochesfahani 
& Dimotakis (1986) found that product formation is significantly reduced by Schmidt 
number effects in reacting-liquid-mixing-layers. Once a conserved scalar is established 
it can then be used to investigate the mixing (non-reactive) behaviour of the reactive 
fluid streams and comparison can be made with studies of non-reacting flows such as 
that of Danckwerts (1953). 
Damkohler (1940) recognized that timescales of both turbulent mixing and chem­
ical reaction were important in turbulent reacting flows. Knowledge of the statistics 
of a conserved scalar could be used to define a time scale of mixing and the ratio of 
this to that of chemical reaction is known as the Damkohler (1940) number (ND). In 
slow or frozen reaction (ND --+ 0) the rate of mixing is much greater than the rate of 
reaction, while in fast or equilibrium reaction (ND --+ 00) the rate of mixing is much 
less than the rate of reaction. For moderately fast reaction (finite or intermediate 
ND) the two rates have the same order. The latter situation is the principal concern 
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of the present work. 
Conserved scalar theory was used by Bilger ( 19S0a) and Bilger et al. (1991) to 
give theoretical limits to reactive scalar concentrations. The equilibrium (fast chem­
istry) limit was the species concentrations that would be obtained if reaction was 
instantaneous. The frozen (slow chemistry) limit was that which would be obtained 
from mixing only without reaction. The reaction dominated limit assumed instan­
taneous mixing at the initial point of mixing followed by reaction for the time of 
convection. 
Some of the flows considered above and that of the present investigation are 
passive. Passive flows are those where the chemical reaction has no effect on the 
fluid mechanics because there is no significant heat release with consequent density 
change. Experiments of the present type are passive because they use reactants at 
low concentrations. Reacting flows such as combustion are not passive and require 
more complex measurement techniques. It is desirable that the fluid mechanics of 
an experiment does not obscure or excessively complicate the reactive aspect of the 
experiment. Passive flows have considerable advantage over non-passive flows in this 
regard. 
For effective investigation of turbulent reacting flows it is necessary to use exper­
imental results that have been measured with good spatial and temporal resolution. 
Mansour et al. (1990) have considered spatial-averaging effects in measurements of 
scalars and suggest convenient ways to check the resolution of a measuring system. 
A particular problem in the experimental investigation of turbulent reacting flows is 
that in most industrial and natural processes the scales at which molecular mixing 
and reaction occur are smaller than the resolution of available instruments. 
A significant advance in the experimental study of turbulent reacting flows has 
been made by Bilger et al. (1991) .  They developed a technique using a facility 
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known as the Turbulent Smog Chamber to make simultaneous high resolution mea­
surements of reactant concentrations and turbulent velocities in a turbulent reactive­
scalar-mixing layer. All conserved and reactive scalars of interest could be either 
measured or derived. A novel part of the facility was the chemiluminescent analysers 
which were able to measure fluctuating concentrations of reactants, NO and 03. The 
CLAs were developed from the earlier work of Post & Kewley (1978) and Mudford & 
Bilger (1983) and had a frequency response of 20 Hz which was significantly greater 
than that of other CLAs that were available, such as that of Maffiolo et al. ( 1988) .  
Conserved scalar theory was used by Bilger et al. (1991) to characterize the mix­
ing field of the reactants in the TSC and ensure that the behaviour of the conserved­
scalar-mixing layer was the same as that of others in non-reactive-scalar-mixing layers 
such as LaRue & Libby (1981). The spatial and temporal resolution of the measure­
ments of using the TSC were adequate to investigate closures for the reaction rate, 
the effect of reaction on the gradient model, reactant spectra and joint scalar-velocity 
statistics. Their work has provided well-resolved data that have led to the develop­
ment of the Conditional Moment Closure (CM C) of Bilger (1993). They have also 
been used in linear-eddy modelling of turbulent transport with finite rate chemistry 
by Kerstein (1992) and in theoretical study of reactant spectra by Kosaly (1993). 
The measurement techniques established by Bilger et al. (1991) and Li, Brown 
& Bilger (1992, 1995) in the reactive-scalar-mixing layer are used in the present work 
to study the reactive point source of NO in a grid flow of 03. Subsequently Li & 
Bilger (1996) used the facility to investigate a reactive line source. 
Investigation of turbulent reacting flows has often been undertaken using vari­
ous passive reacting flows and with NO and 03 as reactants because they are readily 
available and have a simple, well-understood reaction. Shea (1977) studied chemical 
reaction in a turbulent jet of 03 released into an atmosphere of NO. Studies from the 
Turbulent Smog Chamber in the opposed jet configuration include those by Mudford 
& Bilger (1984, 1985), who investigated nonequilibrium chemistry and models for 
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reaction rate closure, and that of Ibrahim et al. (1987ab), who tested a new per­
turbation closure for the reaction rate. After the TSC was fitted with a turbulence 
generating grid it was used by Bilger et al. (1991) and Li, Brown & Bilger (1992, 
1995) to investigate the reactive-scalar-mixing layer and by Li & Bilger (1995b, 1996) 
who used a line source of NO in a grid flow of 03. Relevant studies using other 
reactants which aim to investigate the interaction of mixing and turbulence are those 
of Komori et al. (1991ab, 1993), Toor (1969) and co-workers. 
Experimental studies of non-reactive plumes are more common than those of 
reactive plumes and the first seems to have been conducted by Kamp de Feriet (1938) 
in grid-turbulence by releasing small soap bubbles from a point source. Mickelsen 
(1960) also used a point source in grid-turbulence to study the relative importance of 
molecular diffusion by comparing results for helium and carbon dioxide. Gad-el-Hak 
& Morton (1979) used a point source of smoke in grid-turbulence to measure turbulent 
fluxes by scattering light from smoke particles to measure relative concentrations and 
laser Doppler techniques to measure velocities. More recently Nakamura et al. (1987) 
and Tsunoda et al. (1993) have made measurements with a spatial resolution close to 
the Kolmogorov scale using dye solution in grid generated water turbulence. Britter 
et al. (1983) have studied the effect of stable stratification on turbulent diffusion 
from a point source in  grid-turbulence. Gehrke & Bremhorst (1993) and Bremhorst 
et al. (1989) studied the temperature field downstream of a multi-bore jet block 
in which one jet is heated. The multi-bore jet block is analogous to a grid flow. 
Turbulent pipe flow provides a region of turbulence at its core that has been used to 
study turbulent diffusion from a point source by Nye & Brodkey (1967) and others. 
Fackrell & Robins (1982) used a neutrally buoyant mixture of propane and helium 
in a laboratory boundary layer. Eidsvik (1980), Sawford et al. (1985) and Mylne & 
Mason (1991) measured concentration statistics from ground level point sources in 
atmospheric turbulence, while Carras & Willians (1988) did similar experiments but 
at greater elevation using an aeroplane. Important early on the stages of the evolution 
of plumes was done by Taylor (1921) and was extended by Anand & Pope (1985), 
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Warhaft (1984) and Stapountzis et al. (1986) who studied thermal line sources in 
grid-turbulence. 
A limited number of reactive plume studies have been undertaken. Ibrahim 
(1987) used the TSC to investigate a point source of NO released into the wake of 
two opposed flows of 03. Experiments using these reactants have also been reported 
by Komori & Ueda (1984) using a jet and a plume of NO in a grid flow of 03, by 
Builtjes (1983) in a wind tunnel boundary layer, by Vilil.-Guerau de Arellano et al. 
(1993) , Cheng et al. (1986) and Bange (1993) using an aeroplane in the Earth's 
atmosphere and by Delany et al. (1986) using ground mounted instruments in the 
Earth's atmosphere. Cheng et al. (1986) find that N02 production is limited by the 
rate of mixing at the centre of the plume. Bange (1993) investigates the effects of 
instrument smoothing and shows that its effect is to apparently increase the timescale 
of the chemical reaction. Some of the measurements in these studies are limited in 
their temporal and spatial resolution. Large-eddy simulations of reactive atmospheric 
plumes using NO and 03 have been done by Schumann (1989) and Sykes et al. (1990) . 
A good literature survey of reactive plume studies, with emphasis on modelling, 
has been made by Georgopoulos & Seinfeld (1986a) . However, only those studies 
which relate to the present work are reviewed here. The simplest approach is that of 
Lorimer (1994) who assumes that mixing is instantaneous once reactants are brought 
into the plume, without the need for molecular diffusion to bring the reactants into 
molecular contact. For a very fast reaction, the concentration of product is then 
directly related to the integral across the plume of the amount of ambient reactant 
entrained into the plume. This method is certainly approximate because it ignores 
the dissipation of the conserved scalar variance by molecular mixing which takes place 
at scales orders of magnitude smaller than the integral scale that brings new material 
into the plume. Georgopoulos & Seinfeld (1986ab) use evolution equations for reac­
tion progress variables to estimate the interaction of mixing and chemical reaction. 
Input parameters required are relative dispersion and fine scale plume segregation. 
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Knowledge of the mean reaction rate is essential for models of turbulent reacting flow. 
In the p.d.f. approach of Pope (1985), which is used primarily in combusting flows, 
this rate is implicit but there is still the problem that the mixing must be modelled 
for the correct form of the p.d.f. to be found. Perhaps the simplest approach to find 
the mean reaction rate is the product of means closure which is known to have large 
errors because reactant fluctuations are ignored. In the fast chemistry limit of Bilger 
(1980a) , the species are uniquely related to a conserved scalar and the reaction rate 
is proportional to the mean scalar dissipation conditional on the value of a conserved 
scalar. This has led to great interest in the joint statistics of a scalar and its dissi­
pation in non-reactive flows (Prasad & Sreenivasan 1990). Other approaches to the 
mean reaction rate are the Toor (1969) closure, the laminar flamelet model (Peters 
1988), the perturbation closure (Bilger 1980b) and the Conditional Moment Closure 
of Klimenko (1990) and Bilger (1993) (discussed below). The effect of reaction on 
scalar spectra is also of interest in the study of turbulent reacting flow (Corrsin 1961, 
1964). Theory has recently been developed by Kosaly (1993) to predict the auto­
and cross-spectra of reacting scalar fluctuations. In modelling turbulent transport 
the simplification of the empirical gradient model is sometimes used. The effect of 
reaction on turbulent diffusivity needs to be clarified. 
A significant recent advance in modelling turbulent reacting flows is the Condi­
tional Moment Closure, developed independently by Bilger (1993) , who used Crocco 
(1948) variable conditions, and Klimenko (1990), who considered diffusion in scalar 
space. They derive scalar conservation equations that are conditional on the value 
of a conserved scalar. Fluctuations around the conditional mean reactive scalars are 
often negligible so that the reaction rate can accurately be found simply from the 
product of conditional means. This approach helps to separate the interaction be­
tween turbulent mixing and chemical reaction. The reaction dominated limit (Bilger 
et al. 1991, Mell et al. 1994) is a limiting case of CMC. There is a growing body of 
literature on experimental and modelling studies of CMC, for example: Li & Bilger 
(1993) (scalar mixing layer) ,  Smith & Bilger (1995) (imperfectly stirred reactor) ,  Mell 
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et al. (1993) and Mell (1996) (direct numerical simulation). Theoretical development 
of CMC has been continued by Klimenko (1995) and Klimenko & Bilger (1995). 
Since the CMC model predicts conditional reactant means (which can relatively 
easily be transformed into conventional means) there has recently been increased 
interest in experiments which measure conditional statistics, for example: Masri et al. 
(1992), (turbulent nonpremixed flames of methanol) ,  Starner et al. (1994) (turbulent 
jet diffusion flame), Kelman (1995) (turbulent diffusion flames) and Swaminathan & 
Mahalingam (1996) (direct numerical simulation). In general, conditional methods 
have not been used frequently in relation to reactive plumes. Sawford (1987) , however, 
has used the condition that the concentration be non-zero in non-reactive atmospheric 
plumes. A review of conditional sampling techniques in turbulent combustion is given 
by Libby et al. (1982) . 
This review suggests that further experimental data are needed to advance basic 
understanding of turbulent reacting flows and it is the aim of the present work to 
make such a contribution to this need. The experiment has been designed to obtain 
both conserved and reactive scalars so that conditional measurements are possible. 
The flow is simple and does not obscure the reactive aspects of the experiment. The 
instrumentation has adequate spatial and temporal resolution to resolve small scalar 
fluctuations and is conducted at intermediate Damkohler number so that time scales 
of turbulent mixing and chemical are of the same order. 
2.2 The Turbulent Smog Chamber 
The present experimental work has made use of the Turbulent Smog Chamber (TSC) 
at the University of Sydney. In order to appreciate the present work it will be helpful 
to review factors contributing to the development of the TSC, some history of the 
facility, and its achievements and problems. The TSC was decommissioned in 1995 
after fifteen years of use. It was funded mainly by Australian Research Council and 
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University of Sydney grants. During its operation it was used by a total of 4 research 
assistants, 2 PhD students and 6 undergraduate students. Experiments from it have 
resulted in 22 publications. 
During the 1970s the Sydney Oxidant Study was undertaken by the Depart­
ment of Mechanical Engineering at the University of Sydney. The project leader was 
Prof R.W. Bilger with research assistants Drs D.J. Kewley and K. Post. The Study 
aimed to quantify the complex chemistry and meteorology which control the conver­
sion of hydrocarbons and nitrogen oxides into ozone. Expertise was built up in the 
Department on the measurement of ozone (Post & Kewley, 1978) which led to the 
establishment of the National Ozone Calibration Reference Laboratory. 
The idea of the TSC developed from this knowledge base of ozone measurement, 
previous research on photochemical smog and interest in turbulent reacting flows in 
general and in the interaction of turbulence and chemical reaction, in particular. In 
1980, the first TSC was developed and was described in detail, with initial results by 
Mudford & Bilger (1982, 1983). It was designed to approximate turbulent reacting 
flow in the free atmosphere, which has large turbulence scales and low mean velocity. 
To achieve this large scale slow moving turbulent motion, this first TSC consisted 
of a cylindrical polyethylene bag 9 m long and 2.8 m in diameter with a volume of 
approximately 50 m3• Two opposed jets, 1 m in diameter, issued into the closed end of 
the cylindrical bag through holes in the walls. The flow then developed as it moved 
down the TSC and was discharged outside the laboratory to avoid contamination 
of the inlet streams. Instrumentation was developed to measure the velocity field 
and the reactive scalars with resolution sufficient to resolve scalar fluctuations. This 
TSC was used in one of two modes. The first was to dope each of the jets with 
approximately 1 ppm of NO and 03, respectively, and make measurements of the 
velocity and scalar fields at various locations in the TSC. The second mode was to 
use a point source of NO in the wake of the opposed jets which were both doped 
equally with 03 (Ibrahim, 1987). This first form of the TSC was used to investigate 
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nonequilibrium chemistry and models for reaction rate closure by Mudford & Bilger 
(1984, 1985). A new perturbation closure for the reaction rate was also examined by 
Ibrahim et al. (1987ab). 
Because this first version of the TSC had an opposed jet configuration, the 
flow pattern was complex, including negative axial velocities, and the jets tended to 
suffer from flapping. This made it difficult to compare the conserved scalar statistics 
from the TSC to those of other opposed jet flows and created modelling problems .  
In order to overcome this problem, the TSC was reconfigured into a second form .  
The cylindrical bag remained but the opposed jets were replaced by a mixing layer. 
This choice was made because the scalar mixing layer without reaction had received 
thorough study by a number of workers, for example, Ma & Warhaft (1986). Provision 
was made for doping each side with NO and 03, respectively, and for heating one 
side to act as a passive scalar. Turbulence was generated by a large scale grid which 
was placed at the same stream-wise location as the conjunction of the two streams 
of the mixing layer. The velocity and reactive scalar instrumentation was essentially 
unchanged from that of the opposed jet TSC. This reconfiguration of the TSC was 
known, at the time, as the Environmental Turbulent Reacting Flow (ETReF) facility. 
However, in the present work the facility is simply referred to as the new TSC. 
The new form of the TSC was initially described by Saetran et al. (1989). 
A comprehensive presentation of the mixing layer results, with an explanation and 
validation of conserved scalar theory in this type of flow can be found in Bilger et al. 
(1991) .  Bilger et al. (1989) use results of the mixing layer experiments to develop 
a new analytical result relating the mean reaction rate in a turbulent mixing flow 
to the mean rate of dissipation of a conserved scalar and the second derivative of 
conditional averages of the reactive scalar with respect to the conserved scalar. It is 
also shown that conditional averages of reactive scalars with respect to a conserved 
scalar are independent of position across the shear layer. These results were built 
upon by Bilger (1993) in the development of the Conditional Moment Closure for 
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turbulent reacting flows. 
The mixing layer experiments described above had some uncertainty in the 
method used in the calibration of the hot-wire anemometers (which measure velocity). 
There was also a dip in the centreline conserved scalar r.m.s. profiles which was allied 
to kinks in the profiles of conserved scalar skewness and kurtosis. This flow anomaly 
was thought to arise from some aspect of the initial conditions or the overall width 
of the flow. In an attempt to overcome this problem, a new larger fan was installed 
on each side of the mixing layer. Each of these fans replaced two smaller fans, one of 
which was a high r. p.m. positive displacement blower. The latter was very noisy and 
had a lot of vibration, which may have contributed to instability in the centre of the 
mixing layer. 
The new mixing layer experiments are described by Li et al. (1992, 1995) where 
it is shown that the instability in the centre of the mixing layer was no longer present 
with the new fans. The velocity results in the previous mixing layer experiments 
should be reduced by a factor of .j2 due to an error in the computer code used to 
process the hot wire results. The new mixing layer results were used to investigate the 
Conditional Moment Closure by Bilger (1993) and Li & Bilger (1993) and to study a 
simple model for conditional velocity by Li & Bilger (1994). 
The present work made use of the TSC in the same form as that for the mixing 
layer experiments to study a reactive plume of NO in a turbulent grid-flow doped 
with 03. The effect of the mixing layer was eliminated by doping both sides of it 
with equal concentrations of 03. The point source of NO was placed downstream of 
the turbulence generating grid. Such a configuration is similar to many plumes in the 
environment, for example, the discharging of pollutants into the planetary boundary 
layer from smoke stacks. Results of the present work are described in Brown & Bilger 
(1993, 1994, 1995, 1996abc). 
The final experiments in the TSC were of a reactive line source of NO in a turbu­
lent grid-flow doped with 03. The flow develops behind the line source essentially one 
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dimensionally, whereas the point source develops two dimensionally. The difficulty 
of the line source is that the diameter of the pipe used to produce the line source 
becomes significant and this must be accounted for in analyzing the results. The 
line source is described by Li & Bilger (1995a) . Detailed presentation of the results, 
including scalar dissipation measurements, using a new chemiluminescent analyser 
with photomultiplier tubes in photon counting mode is made by Li & Bilger (1996) . 
Modelling of the flow using the Conditional Moment Closure of Bilger (1993) has also 
been done by Li & Bilger (1995b) . 
Scope for further research would include investigations of flows such as three 
stream mixing where two conserved scalars would be needed to track the flow, multiple 
line and point sources and using a gradient of concentration as has been done by 
Jayesh & Warhaft (1992) (thermal gradient) . The latter is discussed in more detail in 
Appendix C, where the conservation equations are used to show the surprising result 
that the mean gradient of concentration or temperature is maintained in developing 
grid-turbulence. 
Chapter 3 
Experimental Apparatus, 
Techniques and Conditions 
3.1 General Description of Experimental Set-up 
The experimental facility for this study has been specially developed to allow sim­
ultaneous measurement of reactive scalars and velocities with good spatial and tem­
poral resolution. Measurements at the current resolution for a reactive plume are not 
found in the literature. 
Good spatial and temporal resolution is possible because of the careful selection 
of the flow parameters for the experiment. The mean velocity is kept low so the 
Kolmogorov scale will be relatively large. The pitch of the grid is large enough to 
bring the Reynolds number up to an adequate level. The present experimental set-up 
is a compromise between the need for a reasonably high Re, measurement stations as 
far downstream as possible, Damkohler numbers (defined later) of order unity, good 
spatial and temporal resolution for the CLA and an affordable budget. 
Simultaneous 4 channel point measurements (two components of velocity and 
two reactants) were taken across the flow at different stations downstream of the 
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point source. The hot-wire and gas sampling probes were placed at the same axial 
location 18 mm apart in the radial direction which caused no interference in the 
measured flow field. 
Other recent experiments performed in the Turbulent Smog Chamber in its 
present from, and not reported here, are those by Bilger et al. (1991) ,  Li et al. (1992, 
1995) and Li & Bilger (1993, 1994, 1995ab, 1996). 
A cylindrical coordinate system is used to present the data with the point source 
as the origin. The axial and corrected radial coordinates are denoted by x and r, and 
their instantaneous velocities by U and V, respectively. Unprocessed experimental 
data were collected using the radial coordinate ro" which was corrected by ilr, the shift 
in the mean plume centreline as explained in §5.2.1 .  All experimental profiles traverse 
the full width of the plume and are shown on the figures to emphasize symmetry. 
This results in apparently negative radii on the figures. Instantaneous values are 
denoted by upper case, e.g. , r(x, r, t) with means denoted by overbars and fluctuating 
components by lower case, e.g., ,(x, r, t) = r(x, r, t) - f(x, r) .  Root mean square 
values are indicated by primes, e.g., " = (')'2)i .  
3.1 .1  Turbulent Smog Chamber 
Measurements are made in the TSC using laboratory air. A photograph of the fa­
cility fully inflated is shown in figure 3.1 and a layout diagram in figure 3.2. The 
figure is taken from Bilger et al. (1993) (with permission) ,  and is identical to the 
present experiment except for the presence of booster fans. The latter are of par­
ticular interest because the replacement of them and the other small fans with two 
large industrial fans appears to have overcome an instability in the flow field of the 
working section which is discussed in §3.2, below. Figure 3.2 shows two separate 
streams upstream of the turbulence grid which were doped separately for previous 
mixing layer experiments. For the present experiments both streams were doped with 
equal concentrations of 03. Output from a single 03 generator was divided into two 
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Figure 3 . 1 :  Photograph of Turbulent Smog Chamber fully inflated. 
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Figure 3.2: Layout diagram of Turbulent Smog Chamber (from Bilger et al., 1991, with 
permission). 
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streams by precision flow meters and one stream was fed into the inlet of each fan. 
Measurements of 03 were then made in the working section close to the grid on each 
side of the TSC. The flow meters were adjusted until the concentration of 03 on each 
side of the grid was equal. To ensure that the 03 was homogeneously mixed with 
air, the output of each fan passed through 3 right angle bends. The doped air flow 
then passed into 1 m diameter nozzles which directed the flow into conical wide angle 
diffusers and through two screens. The purpose of this arrangement was to slow the 
flow down and encourage the development of a uniform velocity distribution. The air 
flow through each fan was carefully adjusted by butterfly valves so that the velocity 
profile in the working section was radially uniform. Profiles of velocity statistics in the 
working section are presented in §3.1 .2, below, and show that the velocity field does 
not vary significantly in the radial direction. The walls of the TSC are constructed 
from polyethylene and an overpressure of about 100 Pa maintains a constant circular 
cross-section. The polyethylene walls have been shown to be essentially non-reactive 
to 03 (Mudford & Bilger, 1983). A square grid made from square bars 65 mm x 65 
mm and of pitch M = 320 mm generates the turbulence at the entry of the working 
section which is 2.8 m in diameter and 8 m long. The solidity of the grid is 35%. The 
nominal mean axial velocity of the flow (U) is 0.5 ms-I, giving a Reynolds number 
Re = U M Iv = 10700, where v is the kinematic viscosity. The turbulence Reynolds 
number at x I M = 7 is Ret = u' L,I v = 420, where L, is the integral length scale of 
the turbulence (an estimate for L, is made in §3.1.2). 
3.1 .2 Hot Wire Anemometer and Flow Field 
Velocity components in the axial and radial directions were measured by a constant 
temperature hot-wire anemometer using an X-wire probe. The hot wire box was built 
in-house. The probe was a DISA type 55P61 X-wire. The Tungsten wires were 5 {tm 
in diameter. Calibration was done statically using a TSI 1125 calibrator and a third 
order polynomial was fitted to the calibration data. The hot-wires were recalibrated 
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after each experiment and drift was found to be negligible. 
The maximum sampling rate of the data was 128 Hz and the frequency re­
sponse (discussed in §3.1 .3) of the chemiluminescent analysers was 20 Hz. Since the 
frequency response of a hot-wire is considerable greater than both these levels no 
further investigation of its frequency response was made. 
The presence of NO, 03 and N02 has no significant effect on the flow field because 
these scalars are present in very low concentrations. These reactive scalars act as 
passive scalars. The flow field in the test section is that of normal grid flow, i.e. the 
statistics of the velocity do not vary significantly in the radial direction. The measured 
mean velocity is approximately constant throughout the TSC. Mean velocities for 
each of the experiments that have been conducted are shown in tables 3.2 (mean of 
ensemble of radial measuring locations) and 3.3 (mean from centreline measurements 
at x/M = 15 only), below. It can be seen that U �0.5 ms-I.  The typical standard 
deviation of U across the flow is 3% of the mean. An exam pIe of a mean velocity profile 
at x/M = 7 (10M from the turbulence generating grid) is shown in figure 3.3(a) . 
Figure 3.3(b) shows a profile of the Reynolds stress, uv/ (u'v') , at x/M = 7. Radial 
coordinates in figure 3.3 are normalized by M to show their position in relation to the 
grid bars (later radial profiles are normalized by C7m, defined below). The figure shows 
a 4M wide transverse profile through the wind tunnel centred on its centreline. This 
width corresponds to approximately half the width of the wind tunnel. While some 
scatter is seen in uv/(u'v') and U it does not correspond to the grid bars (located 
at riM =-2,-1,0,1,2) indicating that there is no effect from irrotational wakes behind 
the grid bars at this location. 
The measured turbulence intensity profiles for u' /U, v' /U and V2' /U are approx­
imately constant with typical standard deviations across the flow at x/M = 7 of 5% 
of the average intensities. Here V2 denotes a radial velocity fluctuation orthogonal 
to the direction of u and v. The decay of the axial and radial mean-square velocity 
fluctuations, u2 and v2, respectively are shown in figure 3.4. Decay laws fitted to the 
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Figure 3.3: Profiles of velocity statistics at xjM=7. (a) mean velocity, U. (b) Reynolds 
stress, uvj(u'v') . 
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The measured decay is similar to that of Warhaft (1984). 
(3.1) 
The flow is anisotropic with u' lv' � u' IV2'�1.8 as shown in figure 3.4. The flow 
shows no trend towards an isotropic condition because the region of measurement 
is relatively close to the grid. At all measurement locations, v'l V2' �1 which is 
necessary for the plume to spread uniformly in all radial directions and to ensure 
an axisymetric diffusion condition. The spectra of the u and v velocity at x I M 
= 7 are shown in figure 3.5. No observable differences were found between u or v 
spectra measured downstream of the point source and those measured at other radial 
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locations, indicating that the point source has caused minimal disturbance to the flow. 
The location of the point source in the working section is described in §3.3, below. 
The boundary layer which develops along the wind tunnel walls does not reach the 
plume in the length of the working section. 
In the range of axial measurements (x I M = 7 to 17) the turbulent kinetic energy, 
defined as kt = Hu'2 + v/2 + V2/2) , varies from 1 .45 X 10-3 to 5.74 X 10-4 m2s-2• 
Its dissipation obtained from f = -Udkt/dx, varies from 3.19 X 10-4 to 6.16 x lO-5 
m2s-3 over the range of measurements. These values give estimates for the integral 
� 1 scale, L, = k; lE, of 1 70 and 220 mm and the Kolmogorov scale, (v3IE) ' ,  of 1 .8 and 
2.7 mm, at x/M = 7 and 17, respectively. 
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3.1 .3 Chemiluminescent Analysers 
The dual chemiluminescent analysers used to measure the high frequency fluctuations 
of NO and 03 were originally developed by Mudford & Bilger (1983) and later modi­
fied by Bilger et al. ( 1991) .  Those used in the present study are essentially the same 
as that used by Li et al. (1992, 1995). A schematic diagram of the CLA is shown 
in figure 3.6. The sample is drawn from the TSC and is divided in two by a "Y" 
piece. An excess of NO or 03 is then mixed with each of the two sample streams, 
respectively. They pass down a short length of tube and enter their respective reac­
tion chambers. Chemiluminescent reaction that occurs in the first reaction chamber, 
where 03 in the sample reacts with the excess of NO, gives a luminescence directly 
proportional to the concentration of 03. In the second CLA, NO in the sample reacts 
with the excess of 03 giving luminescence directly proportional to the concentration 
of NO. Supply of reactant excesses must be maintained at a constant flow rate and 
pressure for the duration of each set of experiments or the CLA calibration will be 
invalid. Figure 3.9, below, shows the arrangement for the supply of excess reactants 
to the CLAs. Once the reacted gases have passed through the reaction chamber they 
go to a carbon filter before exiting to the vacuum pump. The function of the carbon 
filter is to remove 03 which can damage the vacuum pump seals. Light emitted in 
the reaction chambers passes through a chopper of known frequency to the photomul-
, 
tiplier (PM) tubes. The signal from the PM tubes is preamplified because of its low 
level before going to a phase lock amplifier which is locked in to the frequency of the 
chopper. The use of a phase lock amplifier and chopper is necessary because of high 
signal noise. The signal is then filtered before being digitized by the AID converter 
and recorded on the computer. 
The r.m.s. fluctuation of each analyser due to instrument noise is approximately 
0.03 p. p.m. This noise is not a function of the measured concentration. The gas 
sample flow through each reaction chamber, Q,ample, is 70 std cm3s-1 • Sampling is 
through a Teflon tube 2.8 mm in diameter and 3.1 m long with a sonic nozzle at the 
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Figure 3.6: Schematic diagram of the chemiluminescent analysers. 
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inlet. The delay time and reaction in the tube are compensated for in data processing 
(Bilger et al., 1991). The flow rate for each reactant in excess for the chemiluminescent 
analysers, Qexcess, is 87 std cm3s-1 and each reaction chamber has a volume, Vchamber, 
of 32 cm3 and operates at a pressure of 3.5 kPa(absolute) .  Using the volume and 
pressure in front of the photomultiplier tube and the flow rates of the sample and 
reactants in excess, the spatial resolution of the present system is estimated as I = 
9.8 mm assuming a spherical form for the flow around the sonic nozzle according to 
the equation: 
(3.2) 
The estimated spatial resolution is approximately four times the Kolmogorov scale 
for this flow (§3.1 .2). The NO calibration was done using a gas cylinder of known 
concentration and diluted with precision flow meters. The 03 calibration was done 
by titration with NO according to the method of Post & Kewley (1978). Straight 
lines were fitted to the NO and 03 calibration data by the method of least squares. 
The frequency response of the chemiluminescent analysers was measured to be 
approximately 20 Hz by the method initially described by Mudford & Bilger (1983) 
and later used by Bilger et al. (1991) ,  which uses signal processing theory from 
Bendat & Piersol (1971) .  The present CLAs have a more uniform response in the 
frequency domain than that used by Bilger et al. (1991) .  A detailed explanation of 
the present methods used to measure the frequency response is given in Appendix B. 
In brief, the frequency response is measured by correlating the response of the CLA 
with that of a cold-wire. The frequency response of the cold-wire is in the order of 1 
KHz, which is about 50 times that of the CLA. The CLA response was then measured 
in the wake of a fan outlet where air, that was heated and doped with 03, was allowed 
to mix with laboratory air. The flow from the fan was heated and doped with 03 
homogeneously. 
In order to confirm that a 20 Hz frequency response was adequate to measure the 
quantities of interest, the data were passed through a 10 Hz third order low pass digital 
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filter and reprocessed. Variance, skewness (S) and kurtosis (K) of both reactants 
were found to drop by no more than 3% on the centreline. The loss in the reactant 
variances is as expected from the reactant spectra (presented below in figure 5.25), 
where a change in frequency from 0.2 Hz to 10 Hz is seen to cause a drop in the 
reactant spectrum of nearly two decades. At two decades down the spectrum, a loss 
of variance of the order of 1 % would be expected. The probability density functions 
of the reactants and the conserved scalar were also recalculated using the low pass 
filtered data and no observable differences were found. In addition to checking that the 
frequency response of the chemiluminescent analysers is adequate, it is also necessary 
to quantify the effects of spatial averaging. The effect of such resolution on scalar 
measurements has been quantitatively investigated by Mansour et al. (1990). Their 
investigation concerned Raman/Rayleigh laser measurements in turbulent flames but 
has general application to other physical measuring systems. They assume the Pao­
Corrsin scalar spectrum and isotropic flow which is approximated by the present 
experiment. They find that the error in the scalar variance depends on the probe 
length relative to both the integral length scale and the scalar microscale. For the 
conditions of this experiment, their analysis shows that the loss of scalar variance with 
a spatial resolution of I = 10 mm, found from equation 3.2, should be less than 2%. If 
I is increased to 20 mm the loss of scalar variance does not exceed 5%. Mansour et al. 
(1990) also investigate the effect of varying the spatial resolution on the shapes of the 
scalar probability density functions. Their results show that for spatial resolutions 
close to that of the present experiment little change in the shape of the p.d.f. would 
be expected, other than to reduce any sharp peak. In summary, it is concluded that 
the frequency response and spatial resolution of the chemiluminescent analysers is 
adequate to measure the quantities of interest in this investigation, including higher 
moments of the reactants. 
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3.1 .4 Data Acquisition and Processing 
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Data from the 4 channels (2 hot-wire, 2 CLA) were passed through a 50 Hz low pass 
filter and sampled at 128 Hz using a 12 bit DASH-8 A/D converter. The number 
of samples for each point measurement was between 213 and 215 per channel, which 
corresponds to sampling times of 1 and 4 minutes, respectively. Data were stored 
on disk with only mean and r.m.s. values calculated for each channel at the time 
of sampling, as a check on the instrumentation. Full data analysis was done by 
post-processing using a suite of Fortran programs on a 486 PC. 
3.2 Calibration of Facility: Mixing Layer Exper­
iments 
In order to confirm that all the components of the Turbulent Smog Chamber were 
working satisfactorily, the mixing layer experiments of Bilger et al. (1991) were 
repeated. The mixing layer experiments do not form a major part of this study and 
for full details, the reader is referred to Li et al. (1992). They are included because 
they were used to recalibrate the flow field following the removal of the booster fans 
and other small fans and replacement with new, larger fans. This was done in an 
effort to overcome the anomaly in the scalar field mentioned in §2.2 and discussed in 
more detail in Bilger et al. (1991). 
For presentation of the mixing layer data the transverse distance from the centre, 
y, has been normalized by the mixing layer thickness bml. Here, bml has been defined 
as the distance from the point where the mean mixture fraction equals to 0.1 to 
where it equals to 0.9. Data are presented in terms of a conserved scalar, the mixture 
fraction, which is defined and explained in Chapter 4. Figure 3.7 shows the r.m.s. 
values of the mixture fraction, f', from the mixing layer. Table 3.1 shows the axial 
locations of the measurements and additional data from Bilger et al. (1991) ,  Keffer 
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et al. (1977) , LaRue & Libby (1981) and Ma & Warhaft (1986). For the data of Ma 
& Warhaft ( 1986), only those obtained using the toaster to produce the temperature 
step are used. It can be seen that the present results do not show the dip in the centre 
of the mixing layer as that of Bilger et al. (1991) did. It is thought that this can 
be attributed to the removal of the old fans and replacement with new, larger fans. 
Two fans in the old set-up were high speed booster fans which had a lot of vibration 
/ and noise and may have contributed to the problems with the flow field. The flow 
anomaly was not present on the mean profiles and they are not shown here. Generally 
speaking, the f:nax of the present experiment is close to that of Keffer et al. (1977) 
and is smaller than both that of LaRue & Libby (1981) and Ma & Warhaft (1986). It 
can be seen from the figure that on the positive y / Ornl side, the present results agree 
with that of Ma & Warhaft (1986), as they should since the present experiment and 
that of Ma & Warhaft (1986) are both from an ideally generated scalar mixing layer. 
The higher value of LaRue & Libby (1981) and Keffer et al. (1977) are due to the 
residual variance of the temperature fluctuation generated by the grid. 
3.3 Plume Experiments 
The set-up for both plume experiments is shown schematically in figure 3.8. The main 
flow (stream 2) is doped with 03 at the intakes of the fans and is well mixed by the 
time it reaches the grid, having passed through three right angle bends with initial 
concentration denoted as r03,2 . The velocity of the point source, Up" (stream 1) is 
matched to U and consists of N2 doped with NO with initial concentration denoted 
as rNO,I .  It can be seen from figure 3.8 that the mean velocity field is flat across the 
flow but the scalar field is not. The supply of NO and 03 to the TSC was required 
to be maintained at a constant pressure and flow rate for periods in excess of two 
hours. A flow regulation and metering system for supply of these reactants was built 
for this purpose and a simplified diagram of it is shown in figure 3.9. Arrangements 
for separate doping of each side of the mixing layer streams is shown schematically 
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Figure 3_7: Profiles of r.m.s. of the mixture fraction for the mixing layer. Symbols as in 
table 3 .1 .  
Table 3 .1 :  Mixing layer experimental conditions with additional data from other experi­
ments. * The Damkohler number is that for a mixing layer as defined in equation 5.6 
below. 
Symbol x/M N* D Symbol x/M Comments 
• 4 1 .54 <> 15 NO alone 
0 8 1 .54 • 19 NO alone 
A 12  1 .6 0 21 NO alone 
6. 15  1.54 --- 30 LaRue & Libby (1981) 
... 19  1 .6 -Q- 100 Ma & Warhaft (1986) 
\l 21  1.6 -A- 21 Bilger et al. (1991) 
• 1 2  N O  alone -A- 41 Keffer et al. (1977) 
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Figure 3.8: Schematic diagram of plume experiments. 
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N, 
Figure 3.9: Simplified diagram of flow regulation and metering for supply of NO and 03 to 
chemiluminescent analysers and Turbulent Smog Chamber. 
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in figure 3.2, above and described in the discussion relating to the figure. 
The presence of the reactants has no measurable effect on the How field as they 
are present at very low concentrations and can be regarded as passive scalars. The 
reactants undergo the reaction NO+03 -+NOz+Oz+200 kJ(molJ-l with reaction rate 
constant, k = 0.37 ppm-1s-1 at 25 QC and 1 atm. In the absence of ultra-violet light 
the reaction is irreversible. The heat release at the concentrations used causes a rise 
in temperature of order lO-z K, which is negligible. The diffusion coefficients for NO, 
03 and the mixture fraction (defined in Chapter 4) at these conditions are "DNO 
0.18, "Do, = 0.22 and "DJ = 0.20 cmZs-l ,  respectively. 
The injection velocity of the point source is adjusted to match that of the mean 
How and no velocity deficit is observed in the velocity profiles at the axial measure­
ment stations. As discussed in §3.1 .2, the spectra of the velocity at x/M = 7 show 
no observable differences at various radial locations which indicates that the point 
source has caused minimal disturbance to the How. The point source measurements 
of Nakamura et al. (1987) have a point source velocity 1 to 1 .5 times that of the 
mean velocity, while Komori & Ueda (1984) used a ratio of 1 and Gad-el-Hak & Mor­
ton (1979) used a ratio of 2.5. The latter high value may explain some differences 
between their results and those obtained in the present experiment, as discussed in 
§5.2.3 below. 
The point source has a diameter dp, = 31 .5 mm and is located at the centre 
of the working section at a distance Xo = 3M from the grid as shown in figure 3.8, 
above. It is located at an axial position so that, within the limits of initial reactant 
concentrations available from the equipment, the mixing field will cover the range 
of interest for investigation of the reactive behaviour of the plume. The region of 
interest is centred around the location where the mean centreline conserved scalar 
has been mixed down to the level of the initial ambient scalar. The significance of 
this location is discussed more fully in §5.3 .1 .  
The location of the point source in the present experiment is also a compromise 
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between the desire to have a large axial range for measurements of the developing 
plume and the desire to have a large Xo so the plume will begin its development in 
fully developed grid-turbulence. Grid turbulence develops relatively quickly down­
stream of the grid. Jayesh & Warhaft (1992) have found that by x/M = 4 the axial 
velocity intensity behind the grid bar and that at the centre of the mesh, between 
the bars, become equal. Close to the grid is a region of complex developing turbu­
lence. The present value of Xo = 3 seems to be a satisfactory compromise given these 
considerations. Other studies of point sources have used values of Xo less than that 
of the present experiment. For example, Nakamura et al. (1987) used Xo = 2M and 
1 .5M while Komori & Ueda (1984) used Xo = OM. It appears that a result of using 
a larger value of Xo for the present experiment is that a virtual origin is not needed 
when fitting decay curves to the data. This is unlike that for other studies using 
smaller values of Xo as discussed in §5.2. 1 .  
The two following Sections describe the two types of experiments that were 
performed using the Turbulent Smog Chamber. Firstly, to characterize the general 
behaviour of the plume, radial profiles at different axial locations of conserved and 
reactive scalar statistics with constant initial reactant concentrations are presented 
including data on product (N02) formation. Secondly, to make a detailed study of the 
reactive behaviour of the plume, reactive scalar statistics at a single physical location 
with varied initial reactant concentrations are presented. Because these data were 
all measured at the same physical location they have a similar flow field so that the 
effect of varied initial reactant concentrations can be studied in isolation. A scaling 
parameter is obtained and is used to collapse the reactive scalar data from the first 
type of experiment at varied x/M on the figures of the second type of experiment at 
fixed x/M. 
Two important parameters which can be used to give a unique description of 
the chemistry for any realization of this plume are defined below. The initial ratio of 
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reactant concentrations is 
(3.3) 
and will be abbreviated as reactant ratio. The Damkiihler number is defined some-
what like that of Ibrahim (1987, p170) and Builtjes (1983) as 
ND == 
kMr03,2
, U 
(3.4) 
where the reaction rate constant, k, is defined at the beginning of this Section and 
the flow time scale is defined as M / U. N D represents the ratio of the timescales for 
the flow and that for chemical reaction, Tfiow/Tchem. When ND is of order unity, as in 
the present case, the chemical reaction is at non-equilibrium and both the turbulent 
and chemical timescales affect the reaction. 
3.3.1 Constant Initial Reactant Concentrations (Various Radii 
and Axial Locations) 
The aim of these experiments is to characterize the behaviour of the whole plume by 
making measurements over a sufficiently large physical range. They are also used to 
investigate the effect of reaction on scalar transport and scalar statistics. The radial 
profiles can be used to investigate the dependence of conditional scalar statistics 
(defined in Chapter 4) on radial location. Knowledge of whole plume behaviour 
is later used to select the optimum physical measuring point and initial reactant 
concentrations for further experiments which are described in §3.3.2, below. 
Radial profiles are obtained at various axial locations for non-reactive and re­
active plumes. All reactive plume experiments were conducted with nearly constant 
initial reactant concentrations. Table 3.2 shows the initial conditions for the ex­
periments including a measure of the spread of the mean plume, Urn, as defined in 
equation 5 . 1 ,  below. The value of rNO,l = 515 p.p.m. was maintained constant by 
the use of precision flow meters. The value of r 03,2 � 1 was harder to maintain at a 
constant level from one experiment to the next because of the behaviour of the ozone 
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Table 3.2: Experimental conditions for constant initial reactant concentration (various radii 
and axial locations ) experiments. "H", Horizontal; "V", Vertical. 
Symbol Samples per rNO,1 rO, ,2 U x/M O'm Profile Date 
Channel (ppm) (ppm) (ms-I) (mm) Orientation 1993 
A 213 515 0.479 9 167 H Mar 23 
B 213 515 0.485 9 151 H Mar 8 
C 214 515 0.471 12 162 H Feb 9 
D 213 515 0.518 15 189 H Apr 3 
E 213 515 0.496 17  214 H Mar 10 
F 213 515 0.574 7 137 V Mar 9 
G 215 515 0.516 9 141 V Jan 27 
H 213 515 0.525 9 160 V Mar 23 
I 213 515 0.529 15 208 V Apr 3 
J 215 515 1 .07 0.506 7 127 H Apr 10 
K 215 515 0.988 0.495 9 158 H Apr 7 
L 215 515 0.947 0.498 17 206 H Apr 6 
M 21
5 
515 1 .02 0.543 7 131 V Apr 10 
N 215 515 1 .01 0.534 9 157 V Apr 7 
0 215 515 1 .05 0.529 12 181 V Apr 3 
P 215 515 1.02 0.531 15 207 V Apr 3 
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generator. Once stabilized, the ozone generator produced a very constant concentra­
tion but it was hard to reproduce this concentration from one experiment to the next. 
The relatively small variation of r 03,2 can be seen in table 3.2. The variation is small 
enough so that all the reactive experiments can be treated as a whole for the purpose 
of characterizing the behaviour of the plume including collapsing the reactive scalar 
radial profiles from various axial locations and measuring their axial decay. 
It was essential to find the plume centreline for radial profiles through the reactive 
plume at each of the axial measuring stations. To do this a preliminary profile was 
taken through the plume using NO alone and a Gaussian curve fitted by the method of 
least squares to find the location of maximum concentration on this profile. Another 
preliminary profile was then taken perpendicular to the first one and along the line 
of its maximum concentration. The point of maximum concentration of this second 
profile was then found by the method of lease squares and noted. This point was 
then taken as the plume centreline. Reactive experiments were then conducted taking 
radial profiles in either or both the horizontal and vertical orientations through the 
centreline. Each radial profile for the reactive experiments consisted of about 15 
points each taking 4 minutes to record. Once time for repositioning the probes is 
included a full profile would take about 1 � h to perform. Well over one hundred non­
reactive and reactive profiles were taken through the plume because of the need to 
carefully find the centreline. Some profiles were rejected because of instrument drift , 
running out of NO or 03 doping gases, or other equipment failure. Changes in local 
wind conditions could also affect the TSC because it was vented to the outside of the 
building. The hot-wires and CLAs were sensitive to temperature changes and so most 
of the data taken in during the hotter months of November 1992 to February 1993 had 
to be rejected. During this time temperatures in the non-air conditioned laboratory 
of 30+ °C were common. Most of the data were collected when temperatures were 
lower in March and April, 1993. 
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3.3.2 Varied Initial Reactant Concentrations 
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The aim of these experiments is to investigate the effects of varied initial reactant 
concentrations on scalar transport and scalar statistics. This variation of initial con­
ditions makes the data set useful for comparison with both preliminary Conditional 
Moment Closure predictions and the reaction dominated limit. Because the experi­
ments are all conducted at the one physical location these effects can be studied in 
isolation to changes in the flow field. These fixed location measurements took ad­
vantage of the characterization of the plume possible because of the radial profiles at 
various axial locations described in §3.3.1, above. The axial measuring position and 
the initial reactant concentrations were chosen so that the measurements would be 
in the region of greatest interest which is where the conserved scalar has fallen to its 
stoichiometric value. This region is analogous to the flame tip in a turbulent diffusion 
flame. 
Table 3.3 shows the series of experiments where results are obtained for reactive 
scalars at a single location, x/M = 15, with varied initial reactant concentrations. 
These results are used to make a detailed study of the chemically reactive behaviour 
of the plume. The reaction has negligible heat release and has no significant effect on 
the flow field. Therefore holding the physical location of these experiments constant 
means that the flow field is similar for each experiment and the only variables are the 
initial reactant concentrations. The chemical behaviour of the plume is thus studied 
in isolation from changes in the flow field. Experiments with such similar flow fields 
are a useful adjunct to atmospheric data of reactive scalars which have very variable 
flow fields. The experiments in table 3.2 have constant initial reactant concentrations 
which results in one reactant ratio and one Damkohler number. The experiments of 
table 3.3 extend those of the former table by varying the reactant ratio through the 
wide range 0.000371 to 0.0106 (factor of 30) and varying the Damkohler number from 
0.1 to 0.6. These results provide a resource of data that can be used to study models 
for turbulent flows. 
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Table 3.3: Experimental conditions for varied initial reactant concentration results (all 
measured on the centreline at x/M=15). The figure column indicates the figure number 
where the conditional mean reactive scalar statistics are shown. 
Experiment ,p rNO,l r0312 U Figure 
Code (ppm) (ppm) (ms-1) 
ND � 0.1 
PD16 0.000371 1160 0.430 0.521 6.7 
QA13 0.000416 1160 0.482 0.507 A.l 
PD15 0.000425 1010 0.430 0.518 A.2 
PD13 0.000589 813 0.479 0.518 A.3 
PD12 0.000722 664 0.479 0.514 A.4 
PD11 0.000930 515 0.479 0.517 A.5 
PD18 0.00109 368 Q.400 0.527 6.8 
QA16 0.00131 368 0.482 0.498 A.6 
PD17 0.00185 232 0.428 0.527 A.7 
QA15 0.00213 232 0.492 0.504 6.9 
ND � 0.2 
PA12 0.000811 1 160 0.940 0.508 6.10 
PA13 0.000930 1010 0.940 0.509 A.8 
PAl l  0.00116 813 0.940 0.509 A.9 
PA14 0.00146 664 0.970 0.510 6 .11  
PAIO 0.00183 515 0.940 0.507 A.10 
PA16 0.00264 368 0.970 0.508 A.11  
PA15 0.00419 232 0.970 0.507 6.12 
ND � 0.6 
PB16 0.00198 1 160 2.30 0.520 6.13 
PB15 0.00227 1010 2.30 0.518 A.12 
PB14 0.00294 813 2.39 0.520 A.13 
PC13 0.00342 813 2.78 0.509 A.14 
PB13 0.00360 664 2.39 0.521 6.14 
PB12 0.00464 515 2.39 0.518 A.15 
PC12 0.00539 515 2.78 0.514 A.16 
PBll 0.00651 368 2.39 0.514 A.17 
PBI0 0.0106 232 2.47 0.516 6.15 
Chapter 4 
Conserved Scalar Theory and 
Conditional Statistics 
4 . 1  Introduction 
Conserved scalar theory is used as the framework for the analysis of the present 
reactive plume results. A brief overview of the development of the theory has been 
given in the literature review in §2.1 .  A recent description of conserved scalar theory 
as it relates to passive reacting flows is that of Bilger et al. (1991) and their approach 
is applied here to the turbulent reacting plume. The theory is used in this Chapter 
to derive a conserved scalar from the measured reactive scalars and to give frozen, 
equilibrium and reaction dominated limits of the reactive scalars. Conserved and 
reactive scalar statistics are used to define conditional statistics which have recently 
been used to investigate turbulent reacting flows. The present results can be used to 
investigate these advances. Conditional reactant statistics can be compared with the 
reaction dominated limit of Bilger et al. (1991) and Mell et al. (1994). 
Reactive scalar means conditional on the value of a conserved scalar have been 
shown to be independent of transverse position in the flow by Klimenko (1990, 1995). 
44 
CHAPTER 4. CONSERVED SCALAR THEORY & CONDITIONAL STATS. 45 
The result is mathematically robust. Radial dependence of the present results is 
investigated. Klimenko ( 1990) goes on to develop a closure for the conservation 
equation for reactive scalars in a turbulent shear flow. Independently, Bilger (1993) 
obtained a similar result using Crocco (1948) variable conditions and experimental 
results. This model has become known as the Conditional Moment Closure (CMC) , 
and by making reactive scalars a function of conserved scalars it enables separation of 
the interaction between turbulent mixing and chemical reaction. A preliminary CM C 
model is applied to the present flow. The CMC predictions are preliminary because 
of the lack of a full model for the conditional scalar dissipation. 
4.2 Conserved Scalar Theory 
In the study of turbulent reacting flows, it is desirable to find a quantity which is not 
affected by the chemical reaction. Such quantities are known as conserved scalars. In 
a two stream mixing problem, such as the present experiment, they indicate the degree 
of mixing of the fluids. They can be used to compare the behaviour of reacting flows 
with that of non-reacting flows, to find limiting cases for reactant statistics such as 
the frozen and equilibrium limits (defined below) and in modelling turbulent reacting 
flows. Examples of the use of conserved scalars can be found in environmental fluid 
mechanics, where flows are studied with conserved scalars such as radioactive or dye 
tracers and NOx or SOx. Laboratory studies may use temperature or a conserved 
scalar derived from measurements of reactive scalars. The latter method is used in 
the present study. These conserved scalar quantities have no source term in their 
conservation equations. 
In reactive atmospheric plumes, the conserved scalar fNOx = fNO + rNO, is 
often used because it is easy to measure using conventional instruments. The normal 
method is to expose the air sample to high levels of U-V radiation to convert all NOx 
into NO. Conventional chemilurninescent analysers are then used to measure fNO 
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which will be equivalent to fNox '  Unfortunately, this method of measurement causes 
the complete loss of information on the amount of reaction occurring. A different 
approach is used in the present experiment because only the reactants, fNO and ro" 
are measured. Conserved scalar theory of Bilger et al. (1991)  is used to obtain 
rNOx from the measured reactant concentrations. Assumptions of conserved scalar 
theory include low Mach number, adiabatic flow, equal diffusivities of all scalars and 
in combusting flows (not relevant here) Lewis number of unity. By conserved scalar 
theory, the conserved scalar 
(4.1 ) 
is linearly related to all other conserved scalars in this flow. Because only the reac­
tants are measured in this experiment we start with the conserved scalar rNO - r03 .  
Another conserved scalar is r 03 + r NO, . Such variables are sometimes known as 
Shvab-Zel'dovich functions. The following relation can then be derived to obtain the 
desired conserved scalar 
r _ rNO,l(rNO 
- r03 + rO, ,2) 
NOx - . 
rNO,! + r03,2 
( 4.2) 
If equation 4.2 is normalized by rNO,! the conserved scalar known as the mixture 
fraction, F, is obtained 
F =  
rNO - rO, + r03,2 . 
rNO,! + rO,,2 
( 4.3) 
The mixture fraction has a value of zero in the unmixed 03 stream and a value of 
unity in the unmixed NO stream. The conserved scalars rNOx or F are used in 
different parts of the Thesis depending on the context. 
Noting that in most plumes, rNO,! � rO,,2 gives 
( 4.4) 
The approximation of equation 4.4 has an error of no more than 1 % in the mean 
values of rNOx for the plumes in this experiment. This approximation is equivalent to 
neglecting the dilution of the ambient reactant by the plume. All following expressions 
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for scalars that contain the term (fNO" ± lI)/fNO,, ,  where II is a scalar concentration 
in ppm, may be simplified in the same way if II � fNO" .  The stoichiometric value 
of the conserved scalar, fNOx,,, is the concentration at which all reactants will be 
consumed if the reaction is allowed to go to completion. From equation 4.2 when 
fNO = fo, we obtain 
f -
fNO" fo,,2 � f NOx,' 
f + r 
� 0,,2, NO,l 03,2 
F, = 
fO,,2 f':;; fO,,2 = ,p . 
fNO" + fO, ,2 fNO,' 
(4.5) 
Levels of fNO greater than fNOx,' will not lead to an increase in fNO, concentration 
because there will be no 03 available for further reaction to take place. This is a 
significant factor when making assessments of the environmental impacts of reactive 
pollutant dispersion. 
4.2 .1  Frozen and Equilibrium Chemistry Limits 
The conserved scalars defined above can be used to find frozen and equilibrium limits 
for the reactive scalars as has been shown by Bilger et al. (1991) .  Reactive statistics 
are compared to these limits in Chapters 5 and 6. An overview of these limits for the 
present plume follows. 
The Damkohler number was defined in equation 3.4. It represents the ratio of 
the timescales of turbulence and chemical reaction. The value of ND for all reactive 
experiments can be found in tables 5.2 and 5.1 below. The frozen limit (ND --> 0) 
is the reactant concentration that would result by mixing without chemical reaction, 
and is 
f�o FfNO,l 
f�, (1 - F)fo,,2 f':;; fO, ,2 
f�o, O. 
(4.6) 
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The equilibrium limit (ND � 00) is the reactant concentration that would occur if the 
chemical reaction rate were infinite. The reaction rate in this case is mixing limited 
and the reactant concentrations are 
f�1O - (fNO,l + fO,,2 )(F - F,)H(F - F,) 
fo, (fNO,l + fO,,2 )(F, - F)H(Fs - F) 
(4.7) 
where H(z) is the Heaviside unit step function with value zero for z < 0 and value 
unity for z > 0 and Fs is the stoichiometric mixture fraction as defined in equation 4.5. 
Using the approximation explained for equations 4.4 and 4.5, equations 4.7 can be 
simplified to 
fNo � fNO,l (F - if;)H(F - if;) 
fo, � fNO,l (if; - F)H(if; - F) 
fNo, � fO,,2 - fNO,l (if; - F)H(if; - F). (4.8) 
Modelling of the reaction rate term is an important part of any model of reacting 
flows. In many atmospheric models of reacting plumes the problem is approached by 
first modelling the segregation coefficient (defined below in equation 4.10) which is 
then used to give the reaction rate. The mean reaction rate, after decomposition and 
averaging, can be expressed as 
(4.9) 
The relative importance of the two terms on the rhs of equation 4.9 can be expressed as 
the segregation coefficient which is defined as the concentration covariance normalized 
by the product of the means, 
INO 103 a - �'--=i-'-­
fNOfo3 ' 
(4.10) 
The mean reaction rate is normalized by the ambient chemical timescale as 
follows (note that WNO = W03 ) :  
(4.11) 
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and has the normalized frozen flow limit 
which can be simplified in plumes by noting that F � 1 and /,2 � F to 
"""0 � fNO,l 1 _ 1 w  --= - ---= . 
f03,2 F 1/;F 
The normalized equilibrium limit is (Bilger et al., 1991) 
-, { 1
M
X' V F ·  V F } PF(F,; z) we = - - + ----
2 U Pe NDF, ' 
(4. 12) 
(4. 13) 
where Xs is the conditional expectation of the scalar dissipation (X == 2DV f . V f) 
for F = F., Pe is the Peclet number defined as U M jD" PF{F; z) is the probability 
density function of F defined such that PF{F; z )dF is the probability that F lies 
between F and F + dF at z and the gradients in F, VF, are nondimensionalized 
by M and ND. It can be shown (Bilger et al., 1991) that the mean reaction rate, w 
must lie between its respective frozen and equilibrium values. 
4.2.2 Reaction Dominated Limit 
The reaction dominated limit, f)'d, assumes instantaneous mixing at x = 0 followed 
by reaction for the mean convection time from the point source, xjU, and has been 
used by Bilger et al. (1991), Kerstein (1992) and Mell et al. ( 1994). It is valid when 
the smallest characteristic time scale of mixing is much greater than the characteristic 
time scale of the chemical reaction. The reactive scalar concentrations obey 
FfNO,l 
f03,2(1 - F) , 
o 
(4.14) 
where i is the species NO, 03 and N02• The reactive scalar concentrations are then 
given by the formulae: 
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for F < F, or F > F,: 
(F,(1 - F) exp {::?�D:;M} - F(I - F,)) , 
frd _ f ( (F, - F) fNdO (1 - F,) ) 0, - 03,2 F. + f F. ' s NO,l s 
and for F = F,: 
The relationship 
rd ( F, ) f NO = fNO,l 1 + (1 - F,)NDx/M ' 
rd ( I - F, ) f 0, = f03,2 1 + (1  _ Fs)NDX/M . 
fNO, = f�, - fo, 
(4.15)  
can be used to find fNdO, .  The reaction dominated limit is  a lower (upper) bound on 
reactant (product) concentrations for any chemistry rate. The three limits discussed 
above bracket reactant concentrations as follows: f1 ::::: fid ::::: fi ::::: f? For the 
product concentration, N02, the inequalities are reversed. The inequalities are also 
valid for mean concentrations and mean reaction rates. If this constraint is violated, 
it can only be explained by differential diffusion or experimental error. There is no 
such constraint on variances, covariances, p.d.f.s and turbulent scalar fluxes. 
The reaction dominated limit is a special case of the CMC model (described 
below) where the conditional scalar dissipation is set to zero. 
4.3 Conditional Statistics 
4.3.1 Definition 
Conditional moments are means, variances etc., which are taken for only those mem-
bers of the whole ensemble, which comply with a specified condition. This is fre­
quently done in flows such as jet flows by calculating statistics of variables on the 
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condition that the flow be turbulent (Antonia at al., 1975) or in atmospheric flows 
where the condition is that the concentration be non-zero (Sawford, 1987). In this 
paper the conditioning is that the conserved scalar, fNOx , be within an infinitesi­
mal range of a set value, '1/ .  Such conditional mean concentrations will be denoted as 
Qi =< fi lfNOx = '1/ >,  where <> represents the mean in conserved scalar space. The 
set values cover a continuous domain and so the reactant concentrations become a 
function of '1/. At first, this appears to add to the dimensions of the problem, however, 
it will be shown later that Qi lacks significant variation in cross stream position. This 
result has also been found by Brown & Bilger (1994) (turbulent reacting plume), Li 
& Bilger (1993) (scalar mixing layer) ,  Starner et al. (1994) (turbulent jet diffusion 
flame), Mell et al. (1994) (direct numerical simulation) and Klimenko (1995) (the­
oretical approach using asymptotic analysis). Some of the above papers also have 
shown that variance around Q i also has the same property. It is surprising that the 
same result is obtained in such different reacting flows. 
4.3.2 Weighting by P.D.F. to Obtain Unconditional Mean 
The conventional mean statistic is related to its corresponding conditional mean 
statistic by integration, in conserved scalar space, of the conditional mean weighted 
by the probability density function (p.d.f.) ofthe conserved scalar, p�('I/, xl M, r) . The 
p.d.f. may be determined by experiment (as in the present case) or by other means. 
In atmospheric studies the p.d.£. may be difficult to obtain experimentally but good 
approximations are available (see review by Sykes (1988)). Some experimental con­
served scalar p.d.f.s for the present plume are shown in §5.2.3. For conditional mean 
statistics, such as the conditional reactive scalar mean or conditional conserved scalar 
dissipation, the conventional statistic, z, may be found as follows: 
(4. 16) 
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4.3.3 Conditional Moment Closure 
Considerable simplification in modelling of this flow is achieved by using the CM C 
model of Bilger (1993) and Klimenko (1990). Their approach enables separation of 
the interaction of the basic physical phenomena of turbulent mixing and chemical 
reaction. Use of conditional moments separates the mixing and reaction processes 
in these types of reacting flows by expressing reactive concentrations as functions 
of non-reactive concentrations. Initially, the use of conditional moments actually 
increases the number of independent variables. However, their use greatly simplifies 
the closure of the chemical reaction term. Theory and experiment also show that 
in streaming flows conditional means are independent of cross stream position to 
first order, which leads to a reduction in the number of independent variables. The 
model has successfully been applied to a wide variety of other flows, e.g., Li & Bilger 
(1993) (scalar mixing layer) , Smith & Bilger (1995) (imperfectly stirred reactor) and 
Mell et al. ( 1994) (direct numerical simulation) . In future work, it is hoped to find 
reactive scalar concentrations in atmospheric flows by post processing conserved scalar 
statistics obtained from conventional dispersion models. 
The equation for the conservation of species in this flow is 
or p fJt' + pU • Vfi - v'(p"Dvri) = Wi· 
The deviation, Yi(;ll , t), is defined such that 
ri(;ll, t) = Qi(1)) + Yi(;ll, t). 
(4.17) 
(4.18) 
By substituting equation 4.18 into equation 4.17, making use of the conserved scalar 
conservation equation and taking the conditional expectation of the result Bilger 
(1993) obtains 
oQ 02Q p fJt ' +p < UI1) > ·VQi = P < Wi l 1) > +p"D < vfNox ·vfNox l1
) > fJ1)2' + eQ, + ey" 
(4.19) 
where 
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ey; = - ( (p �i + pU . VYi - V'(PDVY;)) 1 1)) .  
for constant property flow including equal diffusivities of all scalars. The form of 
equation 4.19 in Bilger (1993) does not have p in the first term on the rhs because the 
units of Wi there are mass/volume/time whereas here they are volume/volume/time. 
The physical meaning of equation 4.19 is as follows. The second term on the lhs 
represents transport of the conditionally averaged reactive scalar, Qi, by convection. 
The first term on the rhs comes from chemical reaction. The second term on the rhs 
of the equation comes from turbulent diffusion and is also known as the micromixing 
term. The last two terms on the rhs of equation 4.19, eQ; and ey; , represent molecular 
diffusion of Qi and the effect of turbulent fluctuations of ri, respectively. Bilger 
( 1993) shows that eQ; is negligibly small in high Reynolds number flows and that 
ey; is also negligibly small in some flows. Li & Bilger (1993) have confirmed this to 
be so in a reactive scalar mixing layer and it is assumed to be the case here. The 
contribution of eQ; and ey; may be the subject of further work using the present data 
set. Klimenko (1990) has derived an expression similar to equation 4.19 from the 
conservation equation for the joint p.d.f. of reactive species and conserved scalar 
assuming particle motion in conserved scalar space is analogous to Brownian motion. 
The reactant covariance is a negative quantity of the same order as the product 
of means in non-premixed flow and so cannot be neglected when finding the mean 
reaction rate using equation 4.9. However, it is shown below that once conditional 
moments are taken, the variance around the conditional means is very small and can 
be neglected. The conditional covariance is therefore neglected and closure for the 
reaction rate is then simply the product of the conditional means: 
( 4.20) 
U sing conserved scalar theory 
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can be obtained. Substitution into equation 4.20 gives the conditional reaction rate 
in terms of one conditional reactive scalar only (in this case we use NO): 
(4.21) 
Special attention needs to be paid to the second term on the lhs of equation 4.19, 
p < UI'I > ·VQi . It is assumed here that 
UI 
OQi _ UOQi < 1] > ox - ox· 
This is reasonable in grid-generated turbulence since the mean velocity profile is flat 
and U and 'I are essentially uncorrelated. It is further assumed that 
OQi < VI'I > or = o. 
This assumption was made by Bilger (1993) and Li & Bilger (1993) in CMC modelling 
of a reacting-scalar mixing layer. However, there is a small dependence of condition­
ally averaged statistics on radial position and VI'I > is not small. To properly account 
for this variation it is necessary to integrate across the plume as discussed by Kli­
menko (1990). There is also variation of < xl'l > across the plume which the integral 
approach properly accounts for. This more rigorous approach is not followed here. 
Using the above simplifications and the closure of the reaction rate from equa­
tion 4.20 the conservation of species equation in this flow can be simplified to 
( 4.22) 
where X (= 2DVfNOx .VfNox) is the conserved scalar dissipation and < xl77 > its 
conditional average value, here taken to be that on the centreline of the plume. The 
diffusion coefficients at these conditions have been given in §3.3. Note that in keeping 
with the solution procedure in §4.3.5 the equation is written for the conditional mean 
of NO. 
The conditional conserved scalar dissipation, < xl'l >, must be modelled and an 
approach to this is presented in §4.3.4 below. Setting < xl'l > to 0 is a special case 
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of the CMC model which effectively eliminates the micromixing term (last term on 
the rhs of equation 4.22). The CMC model then gives the reaction dominated limit 
as presented in §4.2.2. 
4.3.4 Model for Conditional Scalar Dissipation 
A preliminary model for the conditional scalar dissipation is used because of the 
difficulty in finding a model which is integrated across the flow. As explained in 
§4.3.3, integration across the flow is desirable because it eliminates radial terms in 
the conditional mean species conservation equation. The present model is satisfactory 
to show that CMC is useful for this turbulent reacting plume. 
A widely used model for dissipation of scalar fluctuations is (Ma & Warhaft, 
1986) 
_ f ,2 Xc = ax k, I NOx ,c 
(4.23) 
where ax is the ratio of the time scales for dissipation of kinetic energy and that 
for scalar variance. In grid-turbulence the dissipation of the turbulent kinetic energy 
may be estimated using t = -Udk./dx, and the turbulent kinetic energy follows the 
decay law k, ex: (x/MJ-m, as discussed in §3.1 .2. From these relationships it can be 
shown that 
:, = m� (�rl ( 4.24) 
When equation 4.24 is substituted into equation 4.23, 
is obtained. From measurements discussed in §5.2.8, below ax=2 and m = 1 .3  from 
equation 3 .1 .  This model has been used for the solution of equation 4.22 by simply 
assuming that < XI7) >= Xc and by finding I�ox,c(x/M) from its measured axial cen­
treline decay of the form const. (x/MJ-n (see equation 5.2 below). Model agreement 
with experimental values is then fair. Klimenko ( 1993) has used detailed asymptotic 
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analysis to show that taking < xl'l) > as its unconditional value where rNOx = 'I) IS 
correct to first order. The model then becomes 
(4.25) 
taking ,�ox at the radial location where 'I), in the solution of equation 4.22, takes the 
same value as the measured mean conserved scalar, fNox ' Figures 5 .1  and 5.4 are 
used for this purpose. A problem with this approach of Klimenko (1993) in jets and 
plumes is that values of 'I) may exceed fNox ,c' When this happens, the value of ,iJox 
in equation 4.25 is taken as its centreline value, ,iJox,c '  The model for the scalar 
dissipation increases infinitely as x /M � O. In order for the solution scheme to work 
the model for the dissipation must be limited at some small value of x/M. All values 
less than the selected value of x/M are assigned the same value. The solution scheme 
has been tested and is independent of the small value of x/M chosen. 
4.3.5 Solution Procedure 
Equation 4.22 is a parabolic partial differential equation in x/M and 'I) space with 
parameters M, k, U ,and rOs ,2' The boundary conditions are: 
QNO = '1), 
QNO = 0, 
QNO = rNO,I , 
for x/M = 0 
for 'l) = O, x/M 2: 0  
for 'l) = 1, x/M 2: 0 . 
Equation 4.22 is solved by an implicit parabolic equation solver using a Thomas 
algorithm after Li & Bilger (1993). Solutions are found for the 26 sets of experimental 
conditions listed in table 3.3 and results are compared with the corresponding mea­
sured conditional statistics below. The form of equation 4.22 gives results for QNO. 
For ease of computation, results for Qos and QN02 are simply obtained by conserved 
scalar theory as follows 
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( 4.26) 
This saves computational time as it unnecessary to solve equation 4.22 for the re­
maining reactive species. 
Chapter 5 
Unconditional Results 
5.1 Introduction 
The good spatial and temporal resolution of the present measurements make it pos­
sible to use them to investigate a wide range of matters concerning the statistics and 
transport of conserved and reactive scalars in a turbulent reacting plume. All experi­
ments consist of simultaneous point measurements of turbulent velocities and scalars. 
Throughout this Chapter, results for reactive scalars are compared to limits obtained 
from conserved scalar theory. The unconditional (conventional) scalar statistics are 
presented in this Chapter in two parts. First, constant initial reactant concentration 
results at various radii and axial locations are presented in §5.2. Using these results it 
is possible to characterize the general behaviour of the plume including the axial decay 
of scalars and to investigate whole plume behaviour such as that based on Taylor's 
diffusion theory. Full radial profiles are needed to find things such as the equivalent 
source strength, the balance of terms in conservation equations and estimates of the 
scalar dissipation. Characterization of the plume from this first group of results is 
then used to select the optimum physical measuring point and variation of initial 
reactant concentrations for further experiments which are presented in §5.3 . The 
second group of results are used in particular to investigate the reactive behaviour of 
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the plume and its response to variation of the initial reactant concentrations. The 
selection of the varied initial reactant concentrations gives results that cover the range 
of greatest interest for the investigation of the reactive behaviour of the plume, and 
conditional statistics are used to further this investigation in Chapter 6, below. 
5.2 Plume Experiments: Constant Initial Reac­
tant Concentrations (Various Radii and Axial 
Locations) 
These experiments consist of a series of radial profiles at five different axial locations. 
Non-reactive and reactive experiments have been conducted. Because of the physi­
cal range of the measurements, whole plume behaviour can be investigated. Point 
measurements have sufficient temporal and spatial resolution for studies of p.d.f.s, 
joint statistics and spectra both of velocities and conserved and reactive scalars. The 
following results were made under near constant initial reactant concentration condi­
tions as shown in table 3.2. The value of rNO,l = 515 p.p.m. was maintained constant 
by the use of precision flow meters for all experiments. The value of r 03 ,2 � 1 was 
constant during each profile and approximately constant from one experiment to the 
next, as explained in §3.3. 1 ,  above. 
The integrity of the measurement techniques used and the behaviour of the whole 
plume is checked for consistency by comparing the decay of the conserved scalar to 
the growth of the plume, calculating the equivalent source strength and finding the 
imbalance in the balance equation for the conserved scalar. 
Limiting cases for the reactive scalar statistics, obtained from conserved scalar 
theory, are compared to the experimental values. It is possible to find the cases in 
which the limits do or do not form a bound on the reactant statistics. The general 
behaviour of the reactants is compared to that of the reactants in the scalar mixing 
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layer of Bilger et al. ( 1991). Trends in the data with axial position are also examined. 
Joint statistics of the reactants are investigated through the correlation coeffi­
cient and the segregation coefficient. Comparison is made between the latter and 
limiting cases from conserved scalar theory and where possible to that found by oth­
ers. Closures for the mean reaction rate of Toor (1969) and the product of means are 
compared with experimental values. 
Spectral studies are used to check that the frequency response of the chemi­
luminescent analysers is adequate to measure all significant contributions to scalar 
variance and its dissipation. Coherence of reactants at high frequencies is also inves­
tigated. 
The effect of reaction on scalar transport is investigated. The gradient model 
is used to find turbulent scalar diffusivities which are compared with estimates from 
Taylor's diffusion theory. 
Scalar dissipation is found using the variance balance equation and differentiation 
of the time series data. The effect of reaction is investigated. The time scale ratio 
is compared to that found in other similar flows. The significance of the correlation 
between the conserved scalar and its dissipation is quantified and the significance for 
modelling discussed. 
5.2.1 Mixing (Conserved Scalar) Field 
Conserved scalars for this flow were defined and explained in §4.2. The mixing of the 
plume with the surrounding fluid can be described in terms of such conserved scalars. 
Since the system is passive, the mixing found here should show agreement with mea­
surements and theory for equivalent non-reacting scalar mixing. Such comparisons 
make it possible to validate the experimental procedures used here. Conserved scalars 
obtained in this way are linearly related to all other conserved scalars in the flow pro­
vided the Lewis number (= I'" ID) is unity, where I'" is the thermal diffusivity for all 
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species i .  The frozen, equilibrium and reaction dominated limits for reactant scalar 
statistics are generated by conserved scalar theory of §4.2.1 and §4.2.2 using the 
present statistics of the mixing field. The limits, where appropriate, are presented on 
figures in Chapters 5 and 6. 
Figure 5.1 shows cross-stream profiles of mean mixture fraction, F, from reactive 
and non-reactive experiments at various stations in the flow. The centreline mean 
mixture fraction Fe has been used as the normalizing variable. The Gaussian function 
(5.1 ) 
was assumed for each profile. The values of Fe, am, the standard deviation of the 
mean plume F profile and .6.1', the shift in the mean plume centreline, were obtained 
by least squares fitting to each profile. A correction l' = 1''' - .6.1' was made to all 
profiles presented in the figures so that l' = 0 at the radial location of Fe. The 
range of .6.1' was less than 30 mm over all the profiles presented in the figures. This 
is considered quite acceptable in view of the much larger dimension of the plume. 
The normalized F data in figure 5.1 collapse well onto the plotted Gaussian curve 
F/ Fe = exp {-!(1'/am)2 } .  The grid-turbulence experimental results of Nakamura et 
al. (1987) in water and Komori & Ueda (1984) in air also collapse onto Gaussian 
curves. 
Figure 5.2 shows the axial decay of the centreline mean mixture fraction, Fe and 
_1 
the centreline Lm.s. mixture fraction, f' e = 12 2 . Empirical decay laws 
Fe = KF (�rl 
f'e = Kf 
(� r1.32 (5.2) 
are fitted to the data without the use of a virtual origin. Constants KF = 0.0445 and 
K f = 0.0674 give the best fit for these data. 
The exponent in equation 5.2 for the decay of the mean centreline mixture 
fraction was also found to be -1 by both Komori & Ueda (1984) and Nakamura 
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Figure 5.1:  Profiles of mean mixture fraction at x/M = 7, 15 and 17. The full curve is the 
Gaussian function. Symbols for all subsequent figures are, unless otherwise stated: open 
symbols, non-reactive experiments; full symbols, reactive experiments; D, x/M = 7 ;  6, 
x/M = 9;  \1, x/M = 12; 0, x/M = 15; 0 ,  x/M = 17. 
et al. (1987) . The lack of need for a virtual origin may be due to the placement 
of the point source downstream of the grid at Xo = 3M rather than at Xo = 2M 
or 1 .5M as Nakamura et al. (1987) did in a dye plume in water, or at x/M = 0 
as Komori & Ueda (1984) did in thermal and concentration plumes in air. They 
found virtual origins of 3M and 2M, respectively. Placement of the point source 
at Xo = 0 causes the plume to commence its development in a region of complex 
developing turbulence. Grid-turbulence develops relatively quickly downstream of 
the grid. Jayesh & Warhaft (1992) have found that by x/M = 4 the axial velocity 
intensity behind the grid-bar and that at the centre of the mesh, between the bars, 
become equal. The location of the point source in the present experiment is close 
to this distance at Xo = 3M. The results of this experiment support the view that 
placement of the point source at such a location may reduce the need of a virtual 
ongm. 
The standard deviation of the F profile, am , which is a measure of the growth 
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Figure 5.2: Axial decay of the centreline mean and r.m.s. mixture fraction. Symbols as 
in table 3.2: upper case, mean; lower case, r.m.s. The decay laws of equation 5.2 are also 
shown. 
of the mean plume, is shown in figure 5.3 and was found to follow the power law 
(5.3) 
with Kum = 0.160 giving the best fit for these data. The data show some scatter and 
it appears that at the lower values of x/M the remnants of the turbulent convective 
stage of the plume (defined below), where O'm develops as (x/M)! ,  are still present. 
The exponent of � is as expected from an assumption of conservation of mixture 
fraction for Fe having a decay exponent of -1.  Nakamura et al. (1987) and Komori 
& Ueda (1984) both find growth exponents of �. 
It was originally recognized by Taylor (1921) that there are three stages in the 
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Figure 5.3: Axial growth of the standard deviation of the mean plume. Symbols as in 
table 3.2. The power law of equation 5.3 is also shown. 
evolution of a plume. In high Reynolds number, non-decaying, homogeneous turbu­
lence, the stages are: 
Molecular diffusion, t � D/v2 , 
Turbulent convection, D/v2 � t � tL, <rm ex t 
Turbulent diffusion, 1 Urn ex: f 2 ,  
where tL is  the Lagrangian timescale. The present flow is decaying grid-turbulence but 
Taylor's theoretical basis for understanding the development of the plume has been 
applied to this type of flow by Anand & Pope (1985), Warhaft (1984) and Stapountzis 
et al. (1986) who studied thermal line sources in grid-turbulence. The physical 
dimensions of the point source exceed that of the Kolmogorov scale so that the present 
plume does not have a molecular diffusion stage. In the region of measurement, 
x/M = 7 to 17, t > tL indicating that the plume is in the turbulent convective stage. 
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The equivalent source strength, Q, was calculated for each profile as a check on 
the measurements. Noting that the mean velocity, U, is constant and that uf makes 
no significant contribution to Q ,  we have: 
Q = 27rU 100 rFdr. (5.4) 
Q is obtained by normalizing by the source strength, Qo, that is the value of Q at 
x = O. The point source has a top hat distribution and so Qo = ��sUps, noting that 
at x = 0, F = 1 by definition. Mixture fraction is a conserved quantity and so Q 
should have the constant value of unity at any axial location. Values of Q were found 
to vary from 1.08 to 0.82 with a mean of 0.95. Two factors contribute to this scatter 
in et because they affect the calculation of F. Firstly, the low and less accurate fNo 
values that occur at large radii contribute significantly to the error in et because it is  
weighted in the integrand of equation 5 .4 by r .  Secondly, drift in the chemilurninescent 
analysers, though small relative to f03,2, will shift the calculation of mixture fraction 
from equation 4.3 because the numerator contains the term (-f03 + f03,2) . For 
example, where f 03 is, say, 90% of f 03,2, a 1 % drift in the chemilurninescent analyser 
will cause a 10% error in (-f03 + f03 ,2) '  Both analysers were calibrated before 
and after experiments. Drift from the calibration used for either analyser during 
experiments was less than 2% of f03,2 . The scatter in Q from non-reactive and 
reactive experiments shows no observable differences. 
Figure 5.4 shows profiles of the r.m.s. of the mixture fraction, l' normalized by 
f�.  Data of Nakamura et al. (1987) from a plume of dye solution in grid-generated 
water-turbulence in the region 13.3::; x/M ::;40 are also plotted. The point source 
in their experiments was located at Xo = 0 and a virtual origin of 3M downstream 
of the grid was used. The two sets of data generally show the same features, though 
those of Nakamura et al. (1987) have greater self-similarity, and this is attributable 
to them being at a location further downstream. 
Figure 5.4(inset) shows profiles of the intensity of fluctuation in the centreline 
region at all axial locations except x/M = 12, which is omitted for clarity. The 
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Figure 5.4: Profiles of r.m.s. value of mixture fraction at x/M = 7, 15 and 17. The full 
curve shows data of N akamura et al. (1987). Symbols as in figure 5.1. (Inset), profiles of 
the r .m.s. of the mixture fraction in the centreline region normalized by local mean mixture 
fraction, f'/F, at x/M = 7, 9, 15 and 17. 
intensity is the r.m.s. of the mixture fraction normalized by local mean mixture 
fraction, 1'/ F. The variation on the centreline from 0.8 at x/M = 7 to 0.6 at x/M = 
17  shows that self-similarity has not been reached. There are limited data available 
on the moments of a scalar dispersing from a point source. For this reason, data in 
figures 5.4(inset) and 5.6 (described below) will be compared to point sources released 
in boundary layers. Fackrell & Robins ( 1982) made wind tunnel measurements of 
intensity and found a cent reline value of 0.6 using a ground-level neutrally buoyant 
plume of propane and helium in a boundary layer. Sawford (1987) made ground 
level measurements of a plume in the atmospheric boundary layer and found the 
intensity on the cent reline to be approximately 1 .0. Values of intensity in the present 
experiment are consistent with those obtained by the other investigators considering 
the differences in the types of flow. 
In addition to the conserved scalar profiles shown above, the mixing field in the 
CHAPTER 5. UNCONDITIONAL RESULTS 6 7  
region of measurement of the plume can also be shown using contour plots. Fig­
ures 5.5(a) and (b) show contours of constant values of the mean and r.m.s. mixture 
fraction, respectively. The contours were constructed from radial profiles measured 
at the five axial locations, x/M = 7, 9, 12, 15 and 17. Use of the normalized conserved 
scalar, the mixture fraction, makes it possible to construct the contours from exper­
iments which used different initial concentrations. An example of the interpretation 
of figure 5.5(a) is as follows: contour "5" has an F value of 0.0032 indicating that 
the mean value of the conserved scalar is only 0.32% of its initial concentration along 
this contour. By comparing figure 5.5(a) and 5.5(b) it can be seen that near the 
centreline the intensity of fluctuation, f' / F, falls from about 0.8 at x/M = 7 to 0.6 
at x/M = 17. At the edge of the plume I'/Fis about 1.4. This is because at the edge 
of the plume there is scalar intermittency which causes the r.m.S. to be greater than 
the mean. This scalar intermittency is consistent with observations of the 8 function 
of the p.d.f. of the conserved scalar near the edge of the plume, as shown in §5.2.3, 
below. The contours of conserved scalar r.m.s. are wider than those of the mean 
which is in agreement with the radial profiles of the respective moments shown in 
figures 5.1 and 5.4. 
- 3 - 4 Figure 5.6 shows profiles of skewness, S = f3 / f' and kurtosis, f{ = 14/1' 
at x/M = 7 and 17. Profiles at other locations (x/M = 9, 12 and 15) show a 
similar trend. There is no observable difference for f', S and f{ derived from reactive 
and non-reactive experiments. S and f{ both show significant departures from the 
Gaussian values of S = 0 and f{ = 3, particularly away from the centreline. Sawford 
(1987) has measured S and f{ for a plume in the atmospheric boundary layer. On 
the centreline he obtains average values of 1.3 and 4.4, respectively, although there is 
considerable scatter in the data. The values of S and f{ from the present experiment 
at x/M = 7 and 17  bracket the average centreline values obtained by Sawford (1987) 
whose plume was released at a height of 0.5 m and measured 25 m down wind at a 
height of 0.8 m. 
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Figure 5.5: Contours (isopleths) of constant conserved scalar constructed from radial profiles 
at x/M= 7, 9, 12, 15 and 17. Contour levels are shown on the figures_ (a), F; (b), /'. 
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Figure 5.6: Profiles of Skewness and-kurtosis of mixture fraction at x/M = 7 and 17: open 
symbols, S ;  full symbols, K .  Symbol shapes as in figure 5.1. 
For self-similarity the normalized moments f'(x, r)/ F(x, r) and r(x, r)/ f'n(x, r) 
should be constant. However, the second normalized moment is found to be a weak 
function of axial distance (J'c/F <X (x/MJ-°·32) . Figure 5.4(inset) confirms this axial 
dependence by showing the centreline region in detail. Close examination of the 
centreline region of figure 5.6 shows that from x/M = 7 to 17, S drops from about 
1.4 to 1.0 and K from about 5.5 to 4.2 although there is some scatter of the points. 
All measurements have been made in the initial region of the decay of the turbulence 
(x/M ::; 100) and so self-similarity would not be expected (Hinze 1975, ch. 3). 
The data do, however, collapse quite well using am as the cross-stream normalizing 
variable. 
5.2.2 Reactive Species Fields 
We shall now present the reactive scalar statistics which have not been measured 
in reactive plumes at the present resolution by others. As noted in Chapter 3, the 
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reactive scalars are passive and have no effect on the :fluid mechanics. From the con­
served scalar statistics it is possible to calculate limiting cases for the reactive scalars. 
The limiting cases are important for the theoretical study of turbulent reacting :flows 
and for validation of models. We consider three such limiting cases here: the frozen, 
equilibrium and reaction dominated limits. Each limit is a function of the mixture 
fraction and can readily be calculated from the conserved scalar data of §5.2.1 using 
the theory of Chapter 4. 
Figure 5.7 shows profiles of mean NO concentration, rNO, with frozen and equi­
librium limits all normalized by rNO,c at x/M = 7, 9 and 17. The experimental 
results are bracketed by the limits as would be expected from conserved scalar the­
ory. The profile of rNO is close to Gaussian (not shown).  Figure 5.8 shows profiles of 
mean 03 concentration, ro" at x/M = 7, 9 and 17 normalized by r03 ,2, the back­
ground concentration of 03. The latter varied slightly between experiments because 
the ozone generator used was not able to produce a repeatable concentration from 
one experiment to another but the value during each experiment was constant as 
explained in §3.3.1. Table 3.2 shows values of r03,2, which are close to 1 ppm for all 
reactive experiments. r03 profiles collapse quite well using this method of normaliza­
tion. Equilibrium limits are shown in figure 5.8 but frozen limits have been omitted 
for simplicity as they have an almost constant value near 1.0. 
Figure 5.9 shows profiles of mean N02 concentration, rNO" normalized by f03 ,2 
at all axial measuring locations, x/M = 7 to 17. The equilibrium limit is shown 
but the frozen limit is omitted because it is O. The data collapse well using Urn to 
normalize the radial coordinate. This indicates that the N02 profiles are developing 
at the same rate as that for the conserved scalar. This is also the case for the mean 
03 profiles shown above. There is a trend with increasing axial distance for rNO and 
I' 03 at all radial locations to move relatively closer (in between frozen and equilibrium 
limits) to their respective equilibrium limits. 
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Figure 5.7: Mean NO concentration with frozen and equilibrium limits at x/M = 7, 9 and 
17 with normalization of all profiles at each axial location by measured mean NO centreline 
concentration at that location. Symbol shapes as in figure 5.1 .  
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Figure 5.8: Mean 03 concentration at x/M = 7,  9 and 17 normalized by unmixed 03 
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Figure 5.9: Profiles of mean N02 concentration, rNa, at x/M = 7, 9, 12, 15 and 17, with 
equilibrium limits at x/M = 7, 9 and 17, Symbol shapes as in figure 5,1 .  
Only a few reactive plume results are reported in the literature. Useful compar­
isons to the present results can be made from the work of Builtjes (1983) who used a 
wind tunnel boundary layer and Ibrahim (1987) who used a point source of NO re­
leased into the wake of two opposed flows of 03. Builtjes reports profiles of reactants 
parallel to the boundary layer surface and on the centreline in a streamwise direction, 
The results show quite a lot of scatter because the experimental equipment could only 
reproduce measurements within 15% for 03 and 30% for NO. The transverse mean 
reactant profiles are approximately Gaussian as in the present experiment and show 
similar features. The results of Ibrahim also show a lot of scatter. Radial profiles 
of the reactant means are approximately Gaussian. Probability density functions of 
the conserved scalar on the centreline show the presence of significant amounts of 
unmixed ambient fluid and the conserved and reactive scalar profiles do not reach 0 
at the walls of the reaction chamber. This indicates that the mixing field is quite 
different to the present experiment and further comparison does not seem possible. 
Figure 5,10 shows profiles of the r,m,s, NO concentration, '/NO , normalized by 
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Figure 5.10: Root mean square of NO concentration fluctuation at x/M = 7, 9 and 17 
normalized by centreline concentration with frozen and equilibrium limits. Symbol shapes 
as in figure 5.1 .  
I'NO,C' at x/M = 7 and 17  with frozen and equilibrium limits. Unlike the mean 
values, there is no theoretical constraint requiring r.m.S. values to fall between the 
frozen and equilibrium limits. In general, I'NO lies at or below the equilibrium limit. 
Figure 5.11 shows profiles of the Lm.s. 03 concentration normalized in the same way 
as that for fo" 1'03 /r03 ,2, at x/M = 7, 9 and 17. Equilibrium limits are shown but 
the frozen limits which are close to 0 are omitted for clarity. Like the results for I'NO, 
those for 1'03 lie close to their equilibrium limit, and similarly do at times lie outside 
the bound of frozen and equilibrium limits. 
We wish to characterize the behaviour of the reactant Lm.s. frozen and equilib­
rium limits presented above. The reactant behaviour can be described by one of two 
states. The states are being in excess and not being in excess. These states will also 
be used later to describe the reactant p.d.f.s and spectra. This characterization can 
be more easily understood by relating it to the behaviour of reactants in a reactive 
scalar mixing layer (eg Bilger et al., 1991). Let us consider such a mixing layer where 
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one side is doped with, say, NO and the other side is doped with, say, 03. The two 
reactants come into contact when the mixing layer commences and the mixing layer 
develops as the flow progresses downstream. On the centreline of the mixing layer 
there will be equal mean concentrations of both reactants if the initial reactant con­
centrations were the same. On the NO side of the mixing layer, NO will be in excess 
and 03 will not be in excess, whereas on the 03 side NO will not be in excess and 03 
will be in excess. 
When the reactant r .m.s. values and their respective limits are compared to the 
scalar mixing layer data of Bilger et al. (1991) it is found that the plume reactant has 
its limits placed in the same way as the reactant not in excess, i.e. the frozen limit 
is above the equilibrium limit. On the other hand, the ambient reactant behaves as 
the reactant in excess and has its equilibrium limit above its frozen limit. For the 
plume reactant (NO) , the r.m.s. equilibrium limit can be seen from figure 5. 10 to be 
below the r.m.s. frozen limit, indicating that the effect of reaction is to reduce the 
fluctuations. For the ambient reactant (03), the r.m.s. limits shown in figure 5 . 1 1  
are the other way around indicating that the effect of reaction is to  increase the 
fluctuations. The dip on the centreline of the 03 r.m.s. profiles indicates that the 
ambient reactant is showing a tendency here not to be the reactant in excess. This 
is because mixing of the ambient reactant into the plume has not been sufficient on 
the centreline for 03 to continue to be as abundant as it is off the centreline. The 
equilibrium limits for the 03 r.m.s., which are a function of the mixture fraction only, 
also show this dip confirming that it is related to the mixing process. 
Figure 5.12 shows profiles of r.m.s. N02 concentration, ,' at all axial mea­NO, 
suring locations. The frozen limit is omitted because it is O. These profiles, like 
those for mean N02, collapse using lTm as the radial normalizing variable. This lack 
of axial development is also observed in the mean 03 and N02 profiles and the 03 
r.m.s. profiles and it is in contrast to the axial development of mean and r.m.s. NO 
profiles above. It occurs because the 03 and the N02 profiles are developing at the 
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Figure 5 .11 :  Root mean square of 03 concentration fluctuation at x/M = 7, 9 and 17 
normalized by unmixed 03 concentration with frozen and equilibrium limits. Symbol shapes 
as in figure 5 .1 .  
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same rate as the growth of the plume (ie the conserved scalar plume) . Thus when 
the radius is normalized by O"m, which measures the growth of the plume, the profiles 
collapse. The collapse of the 03 and NO, profiles can also be understood from the 
concept that the limiting factor for reaction in the plume is the admixing of 03 into 
the plume from the surroundings. It appears that in the axial region of measurement 
this is linked to plume growth, and so the profiles of 03 and N02 collapse when the 
radius is normalized by O"m' 
The axial profile of normalized centreline NO mean and r.m.s. , I'No,c/fo3,2 and 
,'NO,c/I'NO,c, can be found in figures 5.13 and 5.14, respectively. Frozen and equilib­
rium limits with the same normalization are also shown. The empirical decay laws 
for the centreline NO mean and r.m.s, with normalization as in figures 5 .13 and 5.14, 
were found to be 
I'NO,c = K ( /M)-1.51 - rNO x , f03,2 and 
, , NO,c = K ( /M)O.031 - 'YNO X • fNo,c (5.5) 
A virtual ongm was not needed and constants KrNO = 47.4 and K'YNO = 0.843 
gave the best fit for this data. Decay exponents for centreline NO mean and r.m.s. 
frozen limits are m = -1 and -0.19, respectively, and those for equilibrium limits 
are -1 .76 and -0.025, respectively. The decay exponent for the normalized r.m.s. 
centreline concentration of NO is 0.031, which indicates that the NO r.m.s. intensity 
(i.e. r.m.s./mean) is virtually constant. The result is not surprising when it is noted 
that the frozen and particularly the equilibrium limits are also weak functions of axial 
position. It can be observed from figure 5.13 that there is no greater scatter for mean 
NO decay than that for the fitted decay lines for the mixture fraction derived from 
non-reactive and reactive experiments in figure 5.2. Further, the fit of the lines in 
both cases is quite good. This indicates that the effect of the chemical reaction on 
the reactant decay is constant in the axial region of measurement. This conclusion 
is confirmed by observing that the centreline mean equilibrium limit also decays at a 
constant rate. 
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Figure 5.13: Axial decay of the centreline NO mean concentration normalized by unmixed 
03 concentration with frozen and equilibrium limits. The decay laws of equation 5.5 are 
also shown. Symbols: upper case letters as in table 3.2, measured mean concentration; 0 ,  
frozen limit; 0 ,  equilibrium limit. 
Figure 5.15 shows profiles of skewness and kurtosis of NO concentration normal­
ized by reactant r.m.s. values in the same way as those for the mixture fraction. As 
expected, NO, being a reactive scalar, has S and K which both depart from Gaus­
sian values by more than those for the mixture fraction. Near the centreline, the 
profiles from different axial locations have collapsed better than those for the mixture 
fraction. This may be  because the occurrence of low probability, high concentration 
fluid parcels containing NO, which contribute to non-Gaussian behaviour, are reduced 
under reactive conditions. 
Figure 5.16 shows profiles of skewness and kurtosis of 03 concentration normal­
ized in the same way as those for the mixture fraction. As found for the S and K of 
NO, those for 03 show better collapse than those for the mixture fraction. The K of 
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Figure 5.14: Axial decay of the centreline NO r.m.s. concentration normalized by NO mean 
centreline concentration. The decay laws of equation 5.5 are also shown. Symbols: upper · 
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Figure 5.15: Skewness and kurtosis of NO concentration at x/M = 7, 9, 12, 15 and 17: 
open symbols, S; full symbols, K .  Symbol shapes as in figure 5.1. 
K 
CHAPTER 5. UNCONDITIONAL RESULTS 79 
1 .0 5.0 
V • �§? " V 4.0 0.0 1:>."<> .i-1:>. 0 • 
� ....... ��� 3.0 S -1 .0 K 0 2 .0 
-2.0 <>1:>. l> 1 .0 -g O  0 1:>. 
-3.0 0.0 
-4 -3 -2 -1 0 1 2 3 4 
(-r/am) r/am 
Figure 5.16: Skewness and kurtosis of 03 concentration at x/M = 7, 9, 12, 15 and 17: open 
symbols, S; full symbols, K. Symbol shapes as in figure 5.1. 
03 has a peak on the centreline. The peak is related to the mixing process because 
the equilibrium values of K for 03 (not shown) also have peaks. 
5.2.3 Probability Density Functions 
The p.d.f. of a conserved scalar gives a complete description of the state of mixing 
of two fluids. It also gives information about the proportion of unmixed fluid present 
(scalar intermittency) .  Measured p.d.f.s of the reactive scalars will be compared to 
frozen and equilibrium limits derived from the p.d.f.s of the mixture fraction using 
conserved scalar theory. 
Figure 5.17 shows probability density functions (p.d.f.s) of the conserved scalar, 
z = F/ F, � rNOx /ro" . at x/M= 15, for various radial locations. The p.d.f from the 
centreline at this axial location is particularly important because this point was used 
for the varied initial reactant concentration measurements in §5.3. The conserved 
scalar p.d.f. is used to obtain unconditional reactant concentrations from the CMC 
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Figure 5.17: Probability density function of the conserved scalar, z = rNOx /r03,2, where 
rNO,! = 515 p.p.m. and r03,2 = 1.02 p.p.m. at x/M = 15. 0 ,  r/um = -0.04; 0 ,  
r/um = 0.93; <:>, r/um = 1.41; 6., r/um = 2.14. 
predictions of the conditional reactant concentrations in Chapter 6. Close to the 
centreline (r / am = -0.04), the normalized conserved scalar higher moments, skew­
ness, S = 0.92 and kurtosis, K = 4.43, are closest to the Gaussian values of S = 0 
and K = 3. While the moments do not approach the Gaussian values closely, they 
are consistent with other measurements of conserved scalar moments of plumes in 
wind tunnels (Sawford & Tivendale, 1992) and in the atmosphere (Sawford, 1987). 
Scalar intermittency is measured by the strength of the 8 function at z = 0 which 
indicates the proportion of unmixed ambient fluid which is detected. Bilger et al. 
( 1976) has shown that noise can obscure the strength of the 8 function, causing it 
to spread to a Gaussian curve and that the standard deviation of the Gaussian is a 
combined measure of the residual concentration fluctuations in the ambient stream 
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and the electronic noise of the instruments (in this case chemiluminescent analysers) .  
The residual concentration fluctuations were found to be negligible by subtracting 
the signal noise from a CLA sampling the flow doped by 03 from that obtained in 
the absence of 03. This result was confirmed by measuring the standard deviation of 
the Gaussian fitted by the method of least squares to the spread {j function at z = O .  
The standard deviation was found to be approximately 0.03 ppm regardless of the 
radial position. The latter estimate of the noise is in agreement with the measure­
ment of the CLA instrument noise in §3.1.3. Fitting of the Gaussian to the spread 
{j function was difficult for data taken on the centreline because the {j function was 
small. The strength of the {j function on the centreline was generally found to be no 
more than about 0.05, but the accuracy of such estimates are limited because they 
are the same order as that of the instrument noise. In figure 5.17 the strength of the 
{j function (for clarity omitted from the figure) is close to zero on the centreline but 
with the progressive increase in radius at r/(jm= 0.93, 1 .41 and 2.14 the strength of 
the {j function increases to 0.1, 0.27 and 0.52, respectively. Intermittency is an im­
portant parameter of plume behaviour (see Sawford, (1987) for atmospheric plumes).  
Because the strength of the {j function in the present results is small on the centreline 
at x/M = 15, it appears that the plume has grown sufficiently so that the largest 
eddies are only able to bring relatively small amounts of unreacted ambient material 
to the centreline. 
Figures 5 .18 and 5.19 show NO probability density functions at x/M = 17  
near to and away from the centreline at r / (jm = -0.033 and 1 .09, respectively. For 
presentation on the figures fNO, f�o and fNO are normalized by f�o,cl the mean 
frozen limit centreline NO concentration, and denoted as z. The {j function at zero 
is omitted. Frozen and equilibrium limits were calculated using equation 4.6 and 
equation 4.7 as was done by Bilger et al. (1991). Figures 5.20 and 5.21 show 03 
p.d.f.s normalized by fO,,2 with equilibrium limits (omitting {j functions at zero) 
prepared in the same way as that for NO. The frozen limit is not shown since it is 
close to a {j function at unity. Because the reaction between NO and 03 is a one 
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Figure 5.18: Probability density functions of reactants with frozen and equilibrium limits 
derived from equations 4.6 and 4.7, respectively at x/M = 17. The full curve is the measured 
reactant p.d.f., the dashed curve is the frozen limit and the dotted curve is the equilibrium 
limit. (5.18), z = rNO/r�O,c' r�o/r�o,c and ri-lO/r�o,co r/arn = -0.033; (5.19), as for 
(5.18) at r/am = 1.09; (5.20), z = ro, /rO,,2 and rO, ;rO, ,2, r/arn = -0.033; (5.21), as for 
(5.20) at r/arn = 1 .09. 
for one reaction, the area under the p.d.f. equilibrium limit of one of the reactants 
(excluding li functions) will be the li function at z = 0 for the equilibrium limit of the 
other reactant. This is seen on the centreline NO p.d.f. equilibrium limit (figure 5.18), 
where the area (excluding li functions) is 0.6 which corresponds to a centreline 03 
p.d.f. equilibrium limit li function (figure 5.20) of strength 0.6. The latter indicates 
that on the centreline NO is in excess. The situation is slightly more complicated off 
the centreline because unmixed fluid is present. This is represented as a li function 
of strength 0.15 at both z = 0 for the NO p.d.f. equilibrium limit (figure 5.19) and 
z = 1 for that of the 03 (figure 5.21). In addition to these scalar intermittency li 
functions which occur off the centreline, others exist as a result of fully reacted fluid. 
The NO p.d.f. equilibrium limit (figure 5.21) has an area (excluding li functions) of 
0.25, which corresponds to an 03 p.d.f. equilibrium limit li function of strength 0.25 
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at z = O. Excluding scalar intermittency 8 functions, at finite Damkohler numbers 
there is no direct evidence of these delta functions. 
The mixture fraction is the same as the frozen limit for NO but with different 
normalization. It can be obtained from figures 5.18 and 5.19, where z = rNO/r�O,c ' 
by the relation 
Off the centreline, the measured NO frozen limit (mixture fraction) has a 8 function 
at zero mixture fraction associated with unmixed fluid. The 8 function is smeared by 
noise. On the centreline, it can be seen from the NO frozen limit p.d.f. that there 
is very little unmixed ambient fluid present. The results of Gad-el-Hak & Morton 
(1979) in the range x/M = 10 to 45, using smoke in air, show no unmixed fluid 
present between r/urn = 0 and r/um = 1 ,  while Nakamura et al. (1987) in water in 
the range x/M = 13.3 to 40, find that concentration signals are quite intermittent even 
on the centreline. The data of Gad-el-Hak & Morton (1979) may show a larger region 
where unmixed fluid is absent around the centreline because of their use of a relatively 
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large point source of diameter dp,IM = �, whereas we have used dp,IM = 1� .  The 
increased intermittency on the centreline found by Nakamura et al. (1987) may be  
the result of Schmidt number (= v ID) effects because their experiment was in  water. 
Further detailed comparison between these two results and the present results is not 
possible because of differences in relative size, placement and velocity of the point 
sources, measurement thresholds of instruments and properties of the fluids. 
Turning now to the behaviour of the reactants it can be observed that, off centre­
line in figure 5.19, the NO p.d.f. is behaving as that of a reactant not in excess. Higher 
concentrations are close to the equilibrium limit and lower concentrations form a fi 
function because they result from reacted out fluid. The corresponding off centreline 
p.d.f. for 03, shown in figure 5.21, is typical of a reactant in excess. The measured 
p.d.f. has a fi function over the unmixed 03 concentration showing that little 03 
has reacted there and the reactant p.d.f. is well above its equilibrium limit. On the 
centreline, the measured NO p.d.f. of figure 5.18 is still generally typical of that of a 
reactant not in excess, but not to the extent of that off the centreline. The 03 p.d.f. 
on the centreline, shown in figure 5.20, is more typical of that of a reactant not in 
excess, which is in contrast to its behaviour off the centreline shown in figure 5.21 .  
This behaviour is  consistent with that of the 03 r.m.s. profiles shown in figure 5 . 1 1  
where the presence of a dip on the centreline of the measured and equilibrium limit 
was caused by insufficient 03 being brought to the centreline by the mixing process. 
Apparently, on the centreline there is not sllilicient 0;) available for its behaviour to 
remain fully that of a reactant in excess. The behaviour of the p.d.f.s of NO and 03 
to be that of reactants not in excess and in excess, respectively, is consistent with 
that of the reactants in the scalar mixing layer of Bilger et al. (1991), which has been 
discussed above in relation to the reactant r.m.s. values. In brief, the reactant on 
the side from which it does not come behaves in the same way as the plume (NO) 
reactant, while the reactant on the side from which it does come behaves in the same 
way as the ambient reactant (03). 
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The joint p.d.f. of fNO and fOJ is shown in figure 5.22 on the centreline at 
x/M = 17. Under frozen conditions, the p.d.f. lies on the line foJ /foJ ,2 = 1 -
(foJ ,2/fNO,, ) (fNO/fo3 ,2)' At the equilibrium limit, the deficient reactant is zero 
and so the p.d.f. lies along the axes. The reaction dominated limit (equation 4.15), 
which assumes instantaneous mixing at x = 0 followed by reaction for the mean 
time of convection from the point source, is also shown on figure 5.22. The limit 
has a hyperbolic shape and is a lower bound on the reactants for any given mixture 
fraction. Bilger et al. (1991) ,  somewhat unexpectedly, found the reaction dominated 
limit approximately followed the median reactant concentration. This was probably 
due to an error in their processing of the velocity results that was noted earlier in 
§2.2. Lines of constant mixture fraction on figure 5.22 are diagonals parallel to the line 
shown for constant stoichiometric mixture fraction, which is foJ /fo3,2 = fNO/foJ ,2 ' 
5.2.4 Species Covariance and Reaction Rate Closure 
Measurements of joint statistics of reactive scalars in turbulent reactive plumes are 
difficult to make. Results at the present resolution are not found elsewhere in the 
literature. Of particular interest here is the mean reaction rate because of the need to 
find closure for this term when modelling turbulent reacting flows. It is a non-linear 
function which has been modelled in many ways, as discussed in §2.1 .  Some of these 
closures will be compared with the reaction rate measured in the present plume. The 
reaction dominated limit is shown on the joint p.d.f. of fNO and fOJ and is discussed 
in §5.2.3. 
Figure 5.23 shows reactant covariance at x/M = 7 and 17, normalized by un­
mixed reactant concentrations, I'NOI'OJ/fNO,l foJ ,2 . The equilibrium and reaction 
dominated limits are shown at both locations but the frozen limits are not shown be­
cause they are very small. Data lie at the equilibrium limit away from the centreline 
but are beyond the equilibrium limit on the centreline indicating that the effect of 
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Figure 5.22: Joint probability density function of the two reactants with the reaction dom­
inated limit at x/M = 17 and r / am = -0.033. 
reaction has been to greatly increase the covariance. At x/M = 7, the equilibrium 
limit has a dip on the centreline but the data do not have a dip. The equilibrium 
limit is a function of the mixture fraction and so its dip must be related to the mixing 
process. At x/M = 17, the dip in the equilibrium limit is smaller but the data do 
follow it. The correlation coefficient, RNO,O, = /Noio,h'NOi'o" is similar for all 
profiles, being -0.77 on the centreline and rising to -0.82 at r/um = 1 .8. Beyond 
r/um = 3.0, RNO,O, falls quickly to zero. RNO,o, lies between its frozen value of -1 
and equilibrium value of about -0.4 on the centreline and -0.59 at r/um = 1.8.  
Bilger et al. (1991) find values of RNO,o, between -0.8 and -0.6 on the centreline of 
a reacting scalar mixing layer for ND between 0.3 and 1.98 using a similar flow field 
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Figure 5.23: Reactant covariance normalized by inlet concentrations at x/M = 7, 17  with 
equilibrium and reaction dominated limits. Symbol shapes as in figure 5.1. 
to this experiment. The ND in their experiment was defined as: 
(5.6) 
Atmospheric measurements of RNO,o3 have been found to lie between -0.4 and -0.8 
and its value is critical in models of atmospheric chemistry (Vila-Guerau de Arellano 
et al., 1990). 
The segregation coefficient was defined in equation 4.10 as: 
INOI03 a =  
rNOr03 
This should not be confused with the intensity of segregation 
f'2 I - =-=--� seg - F(l _ F) , 
(5.7) 
which involves only conserved scalars and was first identified by Danckwerts ( 1953). 
The behaviour of a is qualitatively similar to that of RNO,o3 ' being -0.55 on the 
cent reline and rising to -0.6 off the centreline. It is also bracketed by frozen and 
CHAPTER 5. UNCONDITIONAL RESULTS 89 
equilibrium values of about -0.005 and -1, respectively on the centreline. The 
similarity in the behaviour of a and RNO•03 is because the only difference in these two 
quantities is in their denominators, which contain reactant means and r.m.s. values, 
respectively. For a constant value of r/IJm, the ratios of r.m.s. to mean for NO and 03 
(i.e. I'NO/f'NO and 1'03 /f'03 ) are approximately constant at all axial measurement 
locations. For NO, this can be seen in equation 5.5 and for 03 it can be observed by 
comparing figures 5.8 and 5 .11 .  An experiment conducted by Komori & Ueda (1984) 
gave positive values of a of up to 20 in a turbulent reacting plume similar to the 
one studied here. Theoretical difficulties for a > 0 in a non-premixed reacting flow 
were pointed out by Bilger et al. (1985) because a positive value does not lie between 
the frozen and equilibrium limits. If chemical species are premixed, then a value of 
+1 can be found (Toor, 1969). Komori et al. (1991a) have more recently indicated 
a possible reason for the positive values of a. Their wind tunnel was not designed 
to homogeneously dilute 03 with air to a scale less than the Kolmogorov scale, so a 
truly non-premixed condition may not have been attained in the ambient 03 coflow. 
Dependence of a on variation in initial reactant concentration is investigated in §5.3.3. 
Figure 5.24 shows the normalized mean reaction rate, W, as given in equation 4. 1 1  
at x/M = 7 and 17. The frozen reaction rate, obtained from equation 4.12, is not 
shown since its value is beyond the scale for most of the range of r/um. For exam­
ple, on the centreline at x/M = 7 and 17, WO = 3.24 and 1 .34,  respectively. The 
equilibrium reaction rate on the centreline can be obtained by using the simplifying 
assumptions that the second term in equation 4.13 is negligible and that Xs � X. 
The value of X used is that found from the mixture fraction variance flux data using 
equation 5.13, below; and we can be calculated relatively easily, and is found to be 
0.30 and 0.10 at x/M = 7 and 17, respectively. When the frozen and equilibrium 
limits for W, estimated above, are compared to the data of figure 5.24, it is found that 
the measured data are bracketed by their limits as is predicted by conserved scalar 
theory. Further, the reaction rate is approaching its equilibrium limit with increased 
distance downstream, which is in agreement with the trend for the mean values of 
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Figure 5.24: Mean reaction rate profiles normalized according to equation 4.11  at x/M = 
7 and 17 with the closures of product means and Toor. Symbol shapes as in figure 5.1 .  
the reactants and their covariance. 
The simple product of means closure, which neglects the covariance INOI03 , is 
shown on figure 5.24. The agreement with the measured values is poor. The clo­
sure proposed by Toor (1969) is also shown. This closure simplifies the covariance 
INOI03 to its equilibrium value INO 103 (as shown in figure 5.23) . The Toor closure 
overestimates the reaction rate considerably at x I M = 7 but is within 15% of the 
measured values at x I M = 17. Figure 5.23 shows that the measured values of co­
variance lie beyond the equilibrium limit but do approach the limit with increased 
axial distance. The Toor closure will always overestimate w while the covariance lies 
beyond its equilibrium limit. 
5.2.5 Spectra 
Figure 5.25 show spectra for mixture fraction and reactive scalar (including equilib­
rium limit) fluctuations close to the centreline at xlM = 17 and rio-m = -0.033. 
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The spectrum for the mixture fraction represents frozen limits for both reactants. 
Frozen, measured and equilibrium spectra for 03 have been moved up two decades. 
The power spectral density, E-y( <p), has been normalized so that the area under the 
graph is unity. A line of slope -� is shown in figure 5.25 indicating a region where 
an inertial subrange exists. The spectrum for the mixture fraction (frozen limit) and 
NO are virtually identical down to the cutoff frequency of 64 Hz. The spectrum of 
03 is slightly higher than that for the frozen limit below about 10 Hz. The spectrum 
of the 03 equilibrium limit is noticeably higher than that for NO below 7 Hz. This 
difference in measured and equilibrium spectra of NO and 03 is not due to a low sig­
nal level being dominated by noise because, here on the centreline, I' 03 = 0.307 ppm 
is lower than rNO = 0.672 ppm, yet away from the centreline, where r03 increases 
and rNO decreases, the spectra demonstrate similar behaviour. It is possible that the 
high frequency spectrum of 03 contains contributions from residual fluctuations due 
to incomplete mixing with the air. However, the most likely explanation is that 03 is 
behaving as a reactant in excess. A reactant in excess has its fluctuations increased 
by reaction. Its measured and equilibrium limit would be expected to be further 
above its frozen limit than that for NO, which is a reactant not in excess (deficient 
reactant) . 
The pre-multiplied and dissipation spectra of the mixture fraction and reactants 
at x/M = 17 and r/O"m = -0.033 are shown in figure 5.26. The variance bearing eddies 
peak at about 1 Hz, which is the same frequency as the peak of the turbulent energy 
containing eddies. The peak of the mixture fraction dissipation spectrum occurs at 
approximately 6 Hz. The Kolmogorov length scale at this location in the experiment 
has previously been estimated to be about 2.7 mm, which corresponds to a frequency 
of 185 Hz. The peak of the dissipation of the mixture fraction is occurring at about 
30 times the Kolmogorov length scale. This agrees with the estimate of the maximum 
dissipation by Warhaft & Lumley (1978). It is thought that the maximum dissipation 
of the reactive scalars should occur at a frequency close to that of the conserved scalar, 
and this appears to be the case. The frequency response of the chemiluminescent 
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Figure 5.25: Spectra and related statistics of mixture fraction and reactants at x/M 
17 and y/arn = -0.003. (5.25), spectra. Mixture fraction, which is also the frozen limit 
for both reactants (full curve); reactants (symbols) and equilibrium limit (dotted curve). 
That for 03 are shown two decades higher. A line of slope - � is also shown. (5.26), pre· 
multiplied and dissipation spectra of mixture fraction and reactants. (5.27), coherence of 
cross· spectral density function between ')'NO and ')'0, . (5.28), associated phase. 
analysers extends well into the region where dissipation is occurring. 
The cross-spectral density function between /NO and ')'NO has been determined 
from the data and decomposed into the coherence function and phase using signal 
processing theory of Bendat & Piersol (1971). The coherence function gives the 
fractional proportion of the mean square value of one reactant fluctuation (ie reactant 
variance) , which is contributed to by that of the other reactant. Figures 5.27 and 5.28 
show the coherence between fNo and fo, and associated phase shift, respectively, at 
x I M = 17 and 7'1 Urn = -0.033. These two figures show that the reactants still 
correlate with each other in the frequency range where maximum dissipation occurs. 
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Beyond 20 Hz, the coherence in figure 5.27 falls quickly and the phase in figure 5.28 
becomes uncorrelated. This is in agreement with the coherence and phase of the 
reactants in the scalar mixing layer of Li et al. ( 1995). It is not possible to say 
whether this break at 20 Hz is due to the behaviour of the reactants or to instrument 
response. At these frequencies the signal amplitude is low so the signal to noise 
ratio is poor. Beyond about 25 Hz, the coherence drops to the level of noise but 
this will make no contribution to the local correlation coefficient because the phase 
shift is random in this region. The correlation coefficient at the sampling location 
for figure 5.25 is RNO,O, = -0.77. While it receives contributions from frequencies 
up to 20 Hz it can be seen from the reactant spectra in figure 5.25 that, by 2 Hz, 
the magnitude is down by a factor of 5. Thus, nearly all the contributions to RNo,o, 
come from frequencies close to the energy containing eddies around 1 Hz. 
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Kosaly (1993) has developed a theory to predict the frozen and equilibrium limits 
to the autospectrum and cross-spectrum of reactant concentration fluctuations. As 
yet, the theory has only been applied to the special case of the cent reline of a reactive­
scalar-mixing layer with equal initial reactant concentrations, however some general 
comparisons can be made to the present data. When the theory of Kosaly (1993) is 
applied to the experimental results of Bilger et at. (1991) ,  it is found that the shape 
of the autospectrum is quite insensitive to changes in Damkohler number and to 
changes in initial reactant concentrations. The spectra of NO in figure 5.25 also shows 
insensitivity to Damkohler number and to changes in initial reactant concentrations 
because the frozen and equilibrium limits are very close, while that for 03 shows only 
slightly more sensitivity. The Kosruy (1993) theory also predicts that the coherence 
should decrease with increasing frequency while the phase should stay at 1800 until the 
coherence decreases causing indeterminate phase. These general trends are observed 
in the present data where, beyond 20 Hz, the coherence in figure 5.27 falls quickly 
and the phase in figure 5.28 becomes uncorrelated. 
5.2.6 Fluxes 
Turbulent transport is an important part of any modelling of turbulent reacting flow. 
Both conserved and reactive scalar transport terms are presented below and are used 
to investigate the turbulent diffusivity in §5.2.7 and estimate to the scalar dissipation 
in §5.2.8. 
Figure 5.29 shows profiles of turbulent fluxes normalized by Lm.s. values to 
give the correlation coefficient, v f / (v' f'), at all axial measuring locations. Compari­
son of the flux data with directly measured fluxes from other experiments is limited 
because few experiments make the necessary simultaneous measurement of scalars 
and velocities. The flux data of figure 5.29 are in qualitative agreement with those 
of Gad-el-Hak & Morton (1979) who measured fluxes in smoke plumes using laser 
Doppler velocimeter techniques. Their point source was located at Xo = O. The 
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maximum correlation coefficient they obtained was 0.35 which is consistent with the 
present results, although their centreline value does not return to zero. Owing to 
the disturbance effect of their method of introducing the smoke and the difficulty 
of obtaining concentration fluctuation measurements, their results show considerable 
scatter, which limits further comparison. Fluxes have also been measured by Komori 
& Ueda (1984) in a thermal plume at the same axial location from the grid as the 
present results (x/M = 17), though the point source was located at X o  = 0 and had 
a larger diameter, dps/M = � (the present experiment has �s/M = 110 ) , These re­
sults cannot be presented on figure 5.29 because am is not given and the fluxes are 
normalized by the local mean values. When the present results are recalculated in 
this alternative form, it is found that the general shape of the flux profile is simi­
lar: the peak occurs at approximately the same radial location but its magnitude, 
vim.x/OFe = 0.0064, is only approximately half of that found by Komori & Ueda 
(1984). Further comparison between their scalar transport and that of the present 
experiment is made later, using the normalized turbulent diffusivity. 
Turbulent fluxes of the reactants, NO and 03, normalized by the local r.m.s. val­
ues to give the correlation coefficient are shown in figures 5.30 and 5.31, respectively, 
at all axial measuring stations. Equilibrium limits, normalized by local measured 
r.m.s. values, are shown only at x/M = 7 and 17 for clarity. Frozen limits for NO 
(not shown) are the same as those for the mixture fraction flux. Frozen limits for 03 
are not shown because they are close to zero. The mixture fraction flux correlation 
coefficient has a maximum magnitude of approximately 0.35 while that for NO is 0.3 
and that for 03 is 0.45. The measured correlation coefficients for the NO and 03 
fluxes are close to their equilibrium limits at all axial locations. The equilibrium lim­
its for the plume (NO) fluxes are greater in magnitude than those for their respective 
frozen limits, whereas those for the ambient (03) fluxes are reversed. This behaviour 
of the plume and ambient limits is the same as that noted for the limits of the reac­
tant r.m.s. values of figures 5.10 and 5.11 .  It is also consistent with that observed in 
the reacting scalar mixing layer of Bilger et al. (1991) for reactants that are not in 
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excess and in excess, respectively. These results indicate that in modelling reacting 
plumes, the plume reactant may possibly be determined simply from its equilibrium 
limit, whereas this may not be so for the ambient reactant. 
Assuming high Reynolds numbers, negligible axial fluxes and equal diffusivities 
of reactants, the flux measurements were checked using the balance equation for the 
mixture fraction, 
Uof 201Yf = 0 ox + or . (5.8) 
The second term in equation 5.8, the diffusion term, changes rapidly and it was diffi­
cult to determine accurately except on the centreline. At this location, the imbalance 
of the terms was no more than 10% of the total magnitude of all terms. 
Figure 5.32 shows profiles of the variance flux, v P, normalized by the local r.m.s. 
values to give the triple correlation coefficient. The profiles collapse satisfactorily 
but with more scatter than that for v f, which is to be expected for a third order 
correlation. These profiles are used to estimate the turbulent diffusivity of the mixture 
fraction variance in §5 .2.7 and the conserved scalar dissipation in §5.2.8. The variance 
flux profiles peak at a radial location greater than that for the mixture fraction flux. 
_1 
This is not surprising, since the f' (= P 2 )  profile shown in figure 5.4 is wider than 
that of F shown in figure 5.1. 
5.2.7 Turbulent Diffusivity 
A common approach modelling turbulent transport is the gradient model. The present 
results are used to investigate the gradient model for the transport of scalars including 
the transport of variance of the mixture fraction. The effect of reaction on scalar 
transport is also investigated. 
By the use of either Prandtl's mixing length theory or the assumption of self­
preservation of the scalar field, turbulent diffusivity can be expressed as Dt,J = 
const.v'L,. In grid-generated flow, turbulence decays downstream and so turbulent 
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diffusivity will also change. However, from §3. 1 .2, v'L, can be found to be a weak 
function of axial distance which goes as (x / M)o.3. This represents a change in tur­
bulent diffusivity of less than 30% in the range x/M = 7 to 17. Normalization of 
turbulent diffusivity will not be by v'L, because of its small change with axial dis­
tance. In keeping with most other descriptions of scalar transport in grid-turbulence 
and to make direct comparisons with other experimental results, normalization will 
be by U M, denoted as b,,J = D,,J/(U M). 
Taylor's diffusion theory may be used to estimate b,,J' By assuming long diffu­
sion times the relation (Hinze, 1975) 
(5.9) 
is obtained, where x* is the x coordinate of a virtual origin for the spread of a;", 
which in this case was found to be negligible . .  Using equation 5.3 and equation 5.9 
and normalizing by U and M, a value of b,,J = 0.0128 was obtained. Komori & 
Ueda (1984) using a thermal air plume in grid-turbulence (x/M = 18 for M = 30 
mm; present experiment M = 320 mm) and the gradient model obtain values of 
b,,J in the range 0.012 to 0.017. Their results are somewhat higher than the present 
results. Nakamura et al. (1987) in a water plume (26.5 � x/M � 80 for M = 10 
mm and 13.5 � x/M � 40 for 20 mm) use Taylor's diffusion theory from which b" ,  
can be found to be 0.00442 and 0.00531, respectively. The intensity of their velocity, 
u'/U ,  was within 20% of that found in the present experiment. Although the values 
are lower by a factor of about 2 than those obtained in the present experiment, they 
are quite close considering the differences in the fluid properties and the measurement 
techniques used in each experiment. In the scalar mixing layer of Bilger et al. (1991) 
maximum values of b,,J occur on the centreline and are found to be about 0.017, 
which is slightly higher than that found in the present study. 
The constant, KF, in equation 5.2 for the decay of the mean centreline mixture 
fraction can be related to the turbulent diffusivity, D,,J' Nakamura et al. (1987) has 
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Figure 5.33: Normalized turbulent diffusivities at x/M = 7 and 17. Symbols as in figure 5.l .  
(5.33), mixture fraction. (5.34), NO. (5.35), 03. 
shown that 
(5. 10) 
assuming similarity of the mixture fraction mean and flux fields and the gradient type 
model of diffusion (the form of equation 5.10 in Nakamura et al. (1987) contains a 
typographical error which has been corrected here). Equation 5.10 assumes a con­
stant value of turbulent diffusivity, which, as explained above, is approximated in the 
present flow. The value of KF from equation 5.10, using the D,,! = 0.0128 obtained 
from equation 5.9, is 0.047 which is quite close to the experimentally determined value 
of 0.0445 from equation 5.2. 
The turbulent diffusivity for the conserved scalar found using the gradient model 
directly is shown in figure 5.33. Using the mean and flux profiles of the conserved 
scalar, the normalized turbulent diffusivity is given by 
(5.11) 
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Gradients were obtained by fitting Gaussian curves to the conserved scalar mean pro­
file in figure 5.1 .  Turbulent diffusivities for the reactants NO and 03 are shown in 
figures 5.35 and 5.34, respectively. They were calculated similarly to those for the 
conserved scalar using flux profiles in figure 5.30 and 5.31, respectively, and mean 
profiles in figures 5.7 and 5.8, respectively. Diffusivities of all scalars show consid­
erable scatter in the range 0.005 to 0.009. This is lower than the estimate obtained 
above from Taylor's diffusion theory but is not significant considering the differences 
in the two methods and the scatter in the data. No trend with radial position is 
observed. Near the centreline of the plume diffusivities for conserved and reactive 
scalars in the figures above tend to have large positive or negative values. This is 
because the denominator in equations 5.11  and 5.12 (below) is a gradient which is 
very small near the centreline causing the calculated diffusivity to be unstable here. 
No trend with axial location is observed. In their scalar mixing layer, Bilger et al. 
(1991) observe a number of other trends which are that the turbulent diffusivities for 
reactive scalars are found to be slightly higher than those for the mixture fraction and 
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that the reactive diffusivities are observed to be higher on the side from which the 
reactant came. None of these trends have been observed in the present point source 
experiment. The scalar mixing layer results have stronger cross stream dependence 
of Dt and less scatter than the present results even though the turbulence generating 
grid was the same as the present study. These differences may result from the gradi­
ent model not fitting this point source as well as the scalar mixing layer because the 
plume is relatively small compared with the integral scale of the turbulence. 
The turbulent diffusivity for v f2 is shown in figure 5.36 and was obtained using 
the same assumptions as that for v f. The fluxes of figure 5.32 and the mixture 
fraction variance obtained using figure 5.4 were processed using 
, vf2 
D 2 - - ---'---= t,j - UM0/r2
' (5.12) 
Values of Dt,!' are approximately the same as that for Dt,! but show greater scatter. 
Values of the ratio of diffusivities for the two transport terms, D,,j/ Dt,!' , are 
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Figure 5.36: Normalized conserved scalar variance turbulent diffusivities at x/M = 7 and 
17. S ym bols as in figure 5.1 .  
shown in figure 5.37. The ratio shows a lot of scatter with a mean of approximately 
1 .  Near the centreline there is more scatter for the reasons discussed above. From an 
experiment with a water plume Nakamura et al. (1987) obtain values for this ratio 
of 1.0. The present data do not contradict their estimate, yet cannot give it strong 
support either because, as explained above, the gradient model does not fit this point 
source data very well. 
5.2.8 Scalar Dissipation 
Scalar dissipation has not been measured in many experiments because of the diffi­
culty of resolving the small scalar scales at which it takes place. Yet conserved scalar 
dissipation is an important input to models of non-reacting and reacting flows (in­
cluding the CMC model) and the correlation between the conserved scalar and its 
dissipation is significant in p.d.f. modelling of turbulent reacting flows. The present 
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experiment makes use of specially developed chemiluminescent analysers which are 
able to resolve sufficiently small scalar scales for the measurement of scalar dissipa­
tion. The scalar dissipation for a non-reactive scalar is calculated by two methods 
with good agreement. The scalar dissipation for reactive scalars is also presented. 
An estimate of the mean scalar dissipation, X, may be made from figure 5.32. 
The balance equation for the scalar variance can be simplified using the assumptions 
of equation 5.8 near the centreline to 
-8f2 8vf2 _ U 
8x + 
2a;:- + X = o. (5.13) 
Equation 5.13 is solved for x. Because the radial gradient of vf2 changes very rapidly 
on the centreline the scatter in the points makes it very difficult to estimate the 
gradient accurately. The centreline gradient has therefore been estimated by first 
taking a representative gradient through a point on the linear part of the flux profile 
on figure 5.32. Actual gradients were then found by multiplying by f'2 , obtained 
from equation 5.2 and v', which is approximately constant in the radial and axial 
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directions. At xlM = 15 and 17,  values of X were 8.5x lO-7 S-l and 5.3 x lO-7 8-1 , 
respectively. 
The other method which is used to find X and the reactive scalar dissipation, 
Xi' is to differentiate the appropriate time signal data and use Taylor's hypothesis to 
obtain of lax. Representing the three orthogonal coordinate axes as x, y and Y2, the 
total mean conserved scalar dissipation is 
since, assuming isotropy of small scales 
(Of) 2 � (Of) 2 � ( Of )2 
ox ay OY2 
In the case of reactive scalars the mean conserved scalar dissipation is 
_ (0Ii) 2 X. � 6Di ox 
(5.14) 
(5.15) 
By performing this process on data from each sampling point, radial profiles for 
non-reactive and reactive scalar dissipation were found. The correlation between the 
conserved scalar and its dissipation cannot be approximated in the same way as that 
for the mean scalar dissipation. The correlation is given by 
xi = 2Df f { (¥X)\ (��) \ (:�r} 
# 6Df f { (��r} , 
since, the assumption of the isotropy of small scales cannot be used to make approxi­
mations of the correlation terms as was simply done for the dissipation terms only in 
equation 5. 14, above. The correlations in the two other orthogonal directions cannot 
be found with the present use of Taylor's hypothesis. Measurement of the correlation 
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coefficient between the conserved scalar and its dissipation in  3-dimensions would 
require advanced techniques such as laser imaging. The present measurements of the 
correlation between the conserved scalar and its dissipation in a direction parallel to 
that of the mean flow can be used to investigate general trends in the data and make 
limited comparisons to those found by others. 
Radial profiles of the conserved scalar dissipation are shown at all axial mea­
suring stations and with an enlarged scale for the downstream profiles (x I M = 15  
and 17) in figures 5.38(a) and (b), respectively. Open symbols on the figures are 
obtained from non-reactive experiments while those from reactive experiments have 
full symbols. It can be observed that the dissipation obtained from non-reactive and 
reactive experiments show no significant differences for the radial profiles at x I M = 
7 shown in figure 5.38(a) and at xlM= 17 shown in figure 5.38(b). This confirms 
the validity of using conserved scalar theory to obtain a conserved scalar from the 
reactive scalars. A significant drop occurs in X with increasing axial distance which 
is related to the decay of the turbulent kinetic energy, as discussed below in relation 
to ax. At x I M = 17  on the centreline, X is 25% lower using the Taylor's hypothesis 
method than the value obtained from the balance equation of the mixture fraction 
variance, equation 5. 13. Values of X at the other axial locations (xIM=7, 9, 12 and 
15) have also been calculated using equation 5.13, and the difference in the results 
from the two methods increases with decreasing x I M approximately uniformly up to 
a factor of 2. This difference could be caused by the over estimation of X by equa­
tion 5 .13 because neglected terms become significant where the rate of radial spread 
of the plume increases close to the point source. The neglected molecular diffusion 
may also become significant near the point source because of greater concentration 
gradients. 
In order to compare these values of X to those obtained by other investigators 
the timescale ratio of kinetic energy dissipation to that of scalar dissipation, ax = 
(xl j'2)/(£/ktl, was calculated. On the centreline at xlM = 15 and 17, values of ax 
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Figure 5.38: Profiles of conserved scalar dissipation, X at x/M=7, 9, 12, 15 and 17. (a), 
all axial locations. (b), enlarged vertical scale showing X at x/M=15 and 17 only. Symbol 
shapes as in figure 5 . 1  where representation is: open symbols, reactive experiments; full 
symbols, non-reactive experiments. 
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using X from the balance equation for scalar variance (equation 5 .13) were found to 
be 1.8 and 2.1, respectively, while stations closer to the grid had lower values. The 
growth in a x  could be because of changes in the way the plume is developing and/or 
because the simplifying assumptions of equation 5.13 break down. The values are, 
however, comparable with those found in other flows such as the thermal scalar mixing 
layer of Ma & Warhaft (1986) who find a value of 1.6 at high x/M or the value of 
2 commonly used in modelling turbulent reacting flows. Gehrke & Bremhorst (1993) 
have estimated ax in air using a multi-bore jet block in which one jet is heated in 
the region 9 ::; x/M ::; 140 and find values in the range 1 .8 to 1 .6. The configuration 
of their experiment is the closest to the present experiment known where dissipation 
estimates have been made. They used a Reynolds number close to that of the present 
experiment. Although they found a similar value ofax care should be taken in making 
a direct comparison because they used temperature as the passive scalar whereas we 
have used gas concentration. However, the difference between these two scalars is 
expected to be relatively small because the Prandtl (= v / K) and Schmidt (= v (D) 
numbers are approximately equal. Given the uncertainties in the estimation of ax 
from figure 5.32, its closeness to values found by Gehrke & Bremhorst (1993) in a 
point source, and other investigators in different types of flows, confirms the reliability 
of the measurement technique used. 
Figures 5.39(a) and (b) and 5.40(a) and (b) show profiles of XNO and Xo" re­
spectively, which were found using Taylor's hypothesis in the same manner as that 
for X in figures 5.38( a) and (b). Normalization is by rb,,2' Profiles for XNO show a 
similar axial trend as that for the conserved scalar, X. By comparing figures 5.38( a) 
and 5.39( a), it can be observed that with increasing axial distance the effect of re­
action is to cause a greater relative drop in XNO than that for X. The dip in the 
centre of the Xo, profile corresponds to a dip in the profile of ,03 in figure 5 .11 .  The 
dip is not present in the 'NO profile in figure 5.10. By comparing the X03 profile at 
x/M=7 in figure 5.40(a) to that at x/M= 17 in figure 5.40(b), it can be observed 
that the trend with increasing distance is for the dip to increase in depth. This may 
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be related to the effect of reaction which reduces the relative abundance of 03 near 
the centreline of the plume and the inability of more 03 to be brought in by the large 
eddies because of the spreading of the plume downstream. 
There has been interest recently in the correlation between the conserved scalar 
and its dissipation because of the relevance the correlation has to p.d.f. modelling of 
turbulent reacting flows (Pope 1985). If the correlation between these two statistics is 
low then their joint p.d.f. can be simply found from their individual p.d.f.s. However, 
if the correlation is high then it is necessary to find the joint p.d.f. Figure 5.41 shows 
the normalized correlation, expressed as its correlation coefficient, Rx.J = xl I (X'l') ,  
where X is  the component of the scalar dissipation in the axial direction. As explained 
above, the present use of Taylor's hypothesis can only give the correlation between 
the conserved scalar and its dissipation in a direction parallel to that ofthe mean flow. 
For clarity only data at x I M =7 and 17 are shown. Correlations from reactive and 
non-reactive experiments are shown. A dip is present on the centreline. At xlM= 
7 on the centreline, Rx.J �0.35, while further downstream at x I M = 17 there is a 
drop to Rx.J �0.25. Correlations at other axial locations (not shown) fall between 
that at x I M =7 and 17 and show the same trend of lower correlation with increased 
axial distance. There is no other plume data available in the literature to compare 
with the present correlation data. We must therefore refer to jet flows which do have 
significant differences to plumes because their momentum is provided by the jet itself, 
whereas the plume has little or no momentum, the momentum being provided by the 
ambient flow. In the heated plane jets of Anselmet & Antonia ( 1985) it is found that 
the correlation is relatively low, Rx.J � 0.1 .  In part, this could be related to the 
difference in the thermal and molecular diffusivities. In the non-reacting methane jet 
of Namazian et al. (1988) at xldjet=17 it is found that Rx.J=O on the centreline and 
Rx.J =0.35 off the centreline. A similar difference between the correlation on and 
off the centreline is found in the reacting (combusting) methane jet of Starner et al. 
( 1994) at xl D=25, where Rx.J =0.1 and 0.45, respectively. These non-reacting and 
reacting methane jets have a dip in the centreline correlation which is similar to the 
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Symbol shapes as in figure 5.1. 
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Figure 5.41: Correlation coefficient between the conserved scalar and its dissipation in a 
direction parallel to that of the mean flow, Rx'!, at x/M =7 and 17. Symbol shapes as 
in figure 5.1 where representation is: open symbols, reactive experiments; full symbols, 
non-reactive experiments. 
dip found in the present data in figure 5.41. 
The significant findings on scalar dissipation are summarized below: Scalar dis­
sipation has been measured by two methods with good agreement. The time scale 
ratio, ax, is found to be similar to that found in other flows. The dissipation of the 
reactive scalar, XNO ' decays at a relatively greater rate than that for a non-reactive 
scalar, while X shows only slight decay in the axial direction and the development of 03 
a dip on the centreline which is related to the dip in the profile of,' . The correlation 03 
coefficient between the conserved scalar and its dissipation in a direction parallel to 
that of the mean flow is found to be as high as 0.5 upstream off the centreline and as 
low as 0.25 downstream on the centreline. At the former level, it may be necessary 
to review the assumption of the independence of these two statistics in p.d.f. mod­
elling of these type of flows. The present experimental technique cannot measure the 
correlation in the other two orthogonal directions. 
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5.2.9 Conclusions: Constant Initial Reactant Concentra­
tions 
Investigation of the conserved scalar plume indicates that the plume is behaving as 
would be expected in grid-turbulence. The equivalent source strength was found to be 
approximately constant for each radial profile. The balance equation for the conserved 
scalar was checked using the flux profiles on the centreline and it was found that the 
imbalance of the terms was no more than 10% of the total magnitude of all terms. 
These checks on the behaviour of the plume confirm the integrity of the measurement 
techniques used. 
Data for the reactive scalars have been compared to frozen and equilibrium limits 
based on conserved scalar theory. At the Damkohler number used (� 0.24), it has 
been found that the reactant moments are, in general, closer to the equilibrium limit 
than to the frozen limit. The reactant statistics are bracketed by the limits where 
there is a theoretical requirement that this be so, i.e. in the case of the mean and 
reaction rate. Other statistics do tend to lie between the limits but this is not always 
so, as in the case of the reactant r.m.s. and covariance values. The reactants show 
a trend to greater reactedness with axial distance. A lower bound on the reactant 
means is obtained from the reaction dominated limit which is found by assuming 
instantaneous mixing to the downstream mixture fraction at the commencement of 
the plume, followed by reaction for the time of convection. 
When the reactant r.m.s. values and p.d.f.s are compared to those in the reacting 
scalar mixing layer of Bilger et al. (1991) ,  the plume reactant behaves as a reactant 
not in excess, whereas the ambient reactant generally behaves as a reactant in excess. 
This behaviour is not as pronounced on the centreline where dips in the ambient 
reactant r.m.s. profiles with low scalar intermittency (i.e. no unmixed fluid present) 
indicate that the mixing process only brings a relatively small amount of ambient 
reactant into the centre of the plume. The conserved scalar p .d.f.s also indicate 
that very little unmixed ambient fluid reaches the centreline. The results generally 
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show that in the region of these measurements, which is relatively close to the grid, 
the plume reactant (NO) is not in excess and consequently tends to be close to its 
equilibrium value. These findings indicate the plume reactant may be approximated 
from its equilibrium value whereas this may not be the case for the ambient reactant. 
The reactant covariance is found to lie beyond its equilibrium limit. This is most 
pronounced on the centreline and upstream. The reactant correlation coefficient is 
found to be approximately -0.80 across the centre of the plume which is consistent 
with values found in other reacting flows including atmospheric measurements. The 
segregation coefficient is found to have a negative value similar to that reported by 
Bilger et al. (1991), which is as expected in non-premixed flows and unlike that of 
Komori & Ueda (1984) who found positive values in imperfect non-premixed condi­
tions. The coherence of reactants at frequencies where the maximum dissipation is 
occurring is still high and it remains so up to the cut-off frequency of the instruments. 
The reaction rate is overestimated by about 15% using the Toor (1969) closure down­
stream but the error is up to 65% closer to the grid, because conditions are further 
from equilibrium there. 
Spectral studies indicate that major contributions to the scalar variance and co­
variance come from frequencies around 1 Hz and that for the dissipation of conserved 
and reactive scalars is around 6 Hz. The frequency response of the CLAs extends 
well beyond the region where the maximum dissipation is occurring. 
Turbulent scalar diffusivity was calculated by Taylor's diffusion theory and was 
close to that found in other similar flows. No observable difference was found be­
tween conserved and reactive scalar turbulent diffusivity calculated using the gradi­
ent model, neither was any axial or radial trend observed. In general, it appears that 
the gradient model does not fit this flow well because the scale of the plume is not 
significantly larger than the integral scale of the flow. 
The scalar dissipation is estimated from the variance flux and the ratio of the 
timescales of kinetic energy dissipation and scalar dissipation, ax, was found to be 
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close to that found in  other similar flows. Estimation of conserved scalar dissipation 
is also made using Taylor's hypothesis and is found to be acceptably close to that 
estimated from the variance flux given the approximations necessary in its calculation. 
The dissipation of NO fluctuations decays more rapidly than that for the conserved 
scalar while that for 03 shows only moderate decay but has a dip near the centreline. 
Correlation coefficients between the conserved scalar and its dissipation in a direction 
parallel to that of the mean flow vary from 0.25 downstream on the centreline to 0.5 
upstream off the centreline. At the latter value, independence of these two statistics 
cannot reasonably be assumed which has implications for the modelling of this type 
of reactive flow. 
5.3 Plume Experiments: Varied Initial Reactant 
Concentrations 
We now turn to discuss the experiments that were conducted with 26 varied initial 
concentrations of NO and 03 at the one physical location, as shown in table 3.3. The 
data are significant because they provide high resolution measurements of reactive 
scalar statistics, each with a similar flow field. The careful selection of the physical 
location and the initial reactant concentrations of these twenty-six experiments is 
described in §5.3.1. Results for the general behaviour of the plume from §5.2 are 
used to ensure that the measurements would cover the region where the effects of 
reaction on the scalar statistics are of greatest interest. The variation of the two 
initial reactant concentrations is described by two parameters, the Damkohler number 
which was varied by a factor of 6 and the reactant ratio which was varied by a factor 
of 30. Since the statistics presented in this Chapter are unconditional (conventional), 
some of the effects of reaction will not be apparent until the conditional statistics are 
presented in Chapter 6. 
A scaling parameter, the stoichiometric distance, based on the initial ratio of 
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reactant concentrations is obtained for use in presentation of the data. Conserved 
scalar theory is used to obtain conserved scalar statistics for each of the 26 cases. 
Its first four moments are checked for internal consistency. The data are used to 
investigate the effect of varied initial reactant concentrations on the first four moments 
of the reactive scalars (including relations between the moments of 03 and N02) ,  
the reactant covariance and the reactant triple correlation. The significance of the 
covariance in closure of the reaction rate is measured .  The frozen and equilibrium 
limits for selected reactive scalar statistics are calculated from the conserved scalar 
statistics and compar�d to reactive scalar statistics. 
5.3.1 Stoichiometric Distance 
Since the experiments of table 3.3 (with fixed x) have two initial reactant concen­
trations that are varied, the data cannot be collapsed using just one of them. The 
stoichiometric distance, Xs, a function of the conserved scalar mixing of the flow and 
the initial reactant concentrations, is used to collapse the data. For comparison, mea­
surements from §5.2 with varied x (experimental conditions in table 3.2) are shown 
on some of the figures in this Section with distinguishing symbols. 
The axial distance from the point source is defined as x. The axial centreline 
location where rNOx,c has been diluted down to fNOx ,s is the stoichiometric distance, 
Xs. Measurements of rNOx,c in the range 7 :::; x/M :::; 17 have been presented in 
figure 5.2, above. Outside this region equation 5.2 can be used to find the decay of 
the mean centreline conserved scalar: 
(5. 16) 
Equation 5.16 is used to find Xs given a particular value of f03,2. The stoichiometric 
distance is used to normalize x for presentation of the data with varied initial reactant 
concentrations in the figures below. By using equation 5 . 16 and the definition of Xs, 
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Table 5.1 :  Centreline experimental conditions for radial profile results at various x/M. Data 
correspond to reactive experiments listed in table 3.2. 
Experiment Symbol 
Code 
Reactive 
Experiments 
Intermediate ND 
OB a 
NB b 
MA e 
OA a 
NA b 
KB c 
KE d 
it can be shown that 
x 
x, 
x/M 'if; 
7 0.00209 
9 0.00192 
17 0.00184 
7 0.00197 
9 0.00195 
12 0.00204 
15 0.00199 
1 x 
0.0445 M'if;· 
ND x 
x, 
0.251 0.328 
0.236 0.388 
0.225 0. 702 
0.222 0.310 
0.223 0.395 
0.235 0.550 
0.228 0.670 
(5.1 7) 
The relative merits of using 'if; (= f 03 ,df NO,l from equation 3.3) or x/x, to collapse 
the data are discussed below in §5.3.3. The parameter Xs is dependent only on the 
conserved scalar mixing of the flow and the initial reactant concentrations. Since x 
is fixed for the experiments in table 3.3, variation in x / x, is achieved by changing Xs. 
In contrast to the fixed x measurements, those of table 3.2 presented in §5.2, above, 
do vary the value of x, and for comparison some of these measurements, as listed in 
table 5.1 ,  are shown on selected following figures. They are distinguished by using 
the letters "a - e" . Measurements in the present Section at constant x are denoted 
by geometric shapes. In both cases x, is found using equation 5 .17. 
By considering the time average state of the plume, the following three regions 
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can be identified: 
x - = 1, x, 
x - < 1 ,  x, 
x - > 1 ,  x, 
deficit of plume reactant 
excess of plume reactant. 
1 1 9  
(5.18) 
Bilger (1980a) has shown that the maximum local reaction rate occurs in a two stream 
turbulent reacting flow when the local conserved scalar is close to its stoichiometric 
value. So the maximum local reaction rate will occur when 
(5.19) 
The condition of equation 5.19 will be met frequently at the axial location x/x, = 1 
and so this region would be expected to have a high reaction rate. Experimental 
values of x/x, range from 0.13 to 3.59. Thus the most interesting chemical behaviour 
of the plume is bracketed by these measurements. 
The rationale behind the selection of the axial location x/M = 15 for the mea­
suring point of these experiments will now be discussed. The centreline was chosen for 
simplicity. As explained above, the region of greatest interest is centred around a sto­
ichiometric distance of x, = 1 .  An axial location must therefore be chosen where the 
mean conserved scalar has been mixed sufficiently to bring its centreline value down 
to the stoichiometric value of the conserved scalar (which is closely approximated by 
f03,2)' The capacity of the ozone generator determines the maximum possible value 
of f03,2, which in this case is 2.5 ppm. A minimum value on fO,,2 of about 0.4 exists 
because of the range of the CLA. The range of f03 ,2 is then 0.4 to 2.5. The minimum 
value of fNO,l is determined by the smallest scale on the smallest flow meter avail­
able. The maximum level of fNO,l is determined by the limited supply of NO and 
the available flow meters, which gives a range of 214 to 1160 ppm. 
The axial location for the measurements is therefore chosen so that fNO,l in the 
range 214 to 1160 ppm will be mixed down to approximately the same range as that 
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for f03,2, which is 0.4 to 2.5 ppm. From figure 5.5, above, it can be seen that at 
x/M = 15 the I'Nox ,c/fNO,l value is close to 0.0028. This means that I'Nox,c will 
be approximately in the range 0.6 to 3.2 ppm for the range of fNO,l given above. 
This is quite close to the range for f03,2 given above and is therefore a suitable axial 
measuring location. 
5.3.2 Conserved Scalars 
The variation of the initial reactant concentrations provides a good test for conserved 
scalar theory as applied to this flow. As the reaction has no effect on the flow field, 
and the conserved scalar is derived from the two reactant scalars by conserved scalar 
theory, the conserved scalar statistics should not be affected by the 26 different sets 
of initial reactant conditions listed in table 3.3. This is confirmed by observing values 
of the first four normalized conserved scalar moments in table 5.2, F = I'Nox /fNO,l , 
f' = ,' /fNO 1 ,  S and K. It can be seen that while the data have experimental NOX • 
scatter the moments show no trend with either ND or ..p .  The scatter for S and K is 
quite high but this is expected for higher moments. 
The conserved scalar statistics presented here are used to find the frozen and 
equilibrium limits for the reactive scalar statistics presented in the rest of this Chapter 
and for the reaction dominated limit in Chapter 6. 
5.3.3 Reactive Scalars 
Mean reactive scalar concentrations for NO and 03 on the centreline are shown in 
figures 5.42(a) and (b) respectively. These and all subsequent data for NO mean and 
NO r.m.s. (shown below) are presented on log-log plots because of the density of 
points at low values. The data are plotted against the reactant ratio, '!f;. The data 
taken at x/M= 15 (geometric shapes) collapse well using '!f;. Data from other x/M 
= 7, 9, 12, 17 (letters) are also shown on the figures but are difficult to interpret 
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Table 5.2: Stoichiometric distance and conserved scalar statistics for experiments measured 
on the centreline at x/M = 15. Data correspond to that listed in table 3.3. 
ND 
Low ND 
0.000371 0. 102 
0.000416 0 .114 
0.000425 0.102 
0.000589 0.113 
0.000722 0.113 
0.000930 0.113 
0.00109 0.095 
0.00131 0 .114 
0.00185 0. 101 
0.00213 0.117 
Intermediate ND 
0.000811 0.222 
0.000930 0.222 
0.00116 0.222 
0.00146 0.229 
0.00183 0.222 
0.00264 0.229 
0.00419 0.229 
High ND 
0.00198 0.544 
0.00227 0.544 
0.00294 0.566 
0.00342 0.658 
0.00360 0.566 
0.00464 0.566 
0.00539 0.658 
0.00651 0.566 
0.0106 0.583 
x 
x, 
0.125 
0.140 
0.143 
0.199 
0.243 
0.313 
0.367 
0.442 
0.623 
0.716 
0.273 
0.313 
0.390 
0.493 
0.615 
0.890 
1.41 
0.669 
0.767 
0.993 
1 .15 
1 .22 
1.57 
1.82 
2.20 
3.59 
0.00278 
0.00290 
0.00270 
0.00295 
0.00254 
0.00258 
0.00266 
0.00271 
0.00282 
0.00292 
0.00313 
0.00287 
0.00288 
0.00280 
0.00290 
0.00284 
0.00276 
0.00300 
0.00265 
0.00278 
0.00281 
0.00295 
0.00295 
0.00290 
0.00271 
0.00305 
S K 
0.00174 1 . 18 5.68 
0.00186 0.899 3.91 
0.00160 0.807 3.86 
0.00180 0.981 4.48 
0.00153 0.891 4.12 
0.00158 1 .04 4.80 
0.00169 0.939 4.29 
0.00176 1 .05 4.72 
0.00169 0.905 4.34 
0.00188 1.05 4.88 
0.00194 0.995 4.19 
0.00177 1.00 4.55 
0.00177 0.872 3.94 
0.00173 0.930 4.21 
0.00177 0.872 3.71 
0.00173 0.865 4.03 
0.00184 1 . 17 5.34 
0.00178 1 .08 5.20 
0.00161 0.858 3.84 
0.00172 0.968 4.43 
0.00161 0.799 3.72 
0.00178 1 .06 4.99 
0.00179 0.824 3.79 
0.00174 0.915 3.98 
0.00168 0.996 4.83 
0.00191 1 .08 5.42 
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Figure 5.42: Mean reactive species concentrations, normalized by r03,2, on the centreline 
plotted against ,po Geometric shapes, data with varied reactant ratio and ND at x/M = 15 
(table 3.3): 0,  low ND; L, intermediate ND ; 0, high ND . Letters "a - e" , data with 
constant reactant ratio and ND at various x/M (table 5.1): "a", x/M = 7; "b", x/M = 9; 
"c",  x/M = 12; "d", x/M = 15; "e" , x/M = 17. (a), rNO .  (b), ro, . Symbol as on 
figure(a}. 
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Figure 5.43: Mean reactive species concentrations, normalized by r03•2 ,  on the centreline 
plotted against x/x,. Geometric shapes, data with varied reactant ratio and three ND at 
x/M = 15; letters "a  - e" , data with constant reactant ratio and ND at various x/M. 
Symbols as for figure 5 .42(a) . Lines, frozen and equilibrium limits at x/M= 15. (5.43), 
I' NO with frozen and equilibrium limits. (5.44), I' 03 with equilibrium limit. (5.45), I' NO, 
with equilibrium limit. 
because plotting against ..p (which is not a function of x) ignores the fact that the 
data come from various x/M. Since the stoichiometric distance x, can be related to 
..p (equation 5.17) an alternate way to collapse the data is to use x/x • .  
Mean reactive scalar concentrations for NO and 03 (which are identical data 
to figures 5.42(a) and (b)) and new data for N02 are plotted against x/x, in fig­
ures 5.43, 5.44 and 5 .45, respectively. The collapse for the NO and 03 data mea­
sured at x/M = 15 (geometric shapes) has no significant difference to that using ..p 
in figures 5.42(a) and (b) . However, the data at other x/M (letters) collapse in a 
more meaningful way when x/x, is used because the significance of different axial 
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Figure 5.44: See caption on figure 5.43. 
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Figure 5.45: See caption on figure 5.43. 
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measuring positions becomes apparent. We therefore use x/x, to collapse the data 
on all subsequent figures. The data from axial locations in addition to x/M = 15 are 
shown in table 5.1 and are all at intermediate Damkohler number. It can be observed 
on figures 5.43 through 5.45, figures 5.46 through 5.48 (shown below) and figure 5.49 
(shown below) that data from low x/M, particularly x/M= 7 (letter "a" )  and x/M =9 
(letter "b") ,  do not lie with the other intermediate Damkohler number data. This is 
because the present Damkohler number is defined using fixed parameters of the flow 
and the chemistry rather than convective quantities. Use of a convective Damkohler 
number may cause this lower x/M data to collapse. 
The results for mean NO (figure 5.43) have low sensitivity to ND. The NO frozen 
limit, roNO , is a result of pure mixing in the absence of chemical reaction. It i s  a 
function of the mean conserved scalar centreline concentration, fNox ,c as given by 
equation 4.6 which is in turn related to x/x, by equation 5.16. Using these relation­
ships it can be shown that roNO,c ex: (x / X,j- l .  As expected the frozen limit does 
appear on the log-log plot in figure 5.43 as a line with slope -1 .  The equilibrium limit 
has an approximately constant slope similar to that of the frozen limit in the region 
x / x, «: 1 .  This is because the conserved scalar in this region rarely goes below its 
stoichiometric value and so according to equation 4.7 the equilibrium limit is then a 
function of mixing without significant reaction. Around x/x, � 1 ,  the slope starts 
to steepen because much more reaction is occurring and 03 is being reacted out. In 
general, the results for fNO lie close to the equilibrium limit through the full range 
of x/x,. 
Figure 5.44 shows data for f 03 with equilibrium limits only. The frozen limit is 
very close to 1 and is not shown. Data show a greater dependence on ND than those 
for NO with the higher ND data having a greater proportion of 03 reacted out for a 
constant value of x/x, than those for lower ND. Data for NO, are shown in figure 5.45. 
They generally show the same trend as that for 03 except that at a constant value 
of x/x, there is a greater concentration of NO, because more is produced at higher 
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Figure 5.46: Root mean square reactive species concentration, normalized by fOa,2 on the 
centreline. Geometric shapes, data with varied reactant ratio and three ND at x/M = 15; 
letters "a - e" , data with constant reactant ratio and ND at various x/M. Symbols as for 
figure 5.42(a). Lines, frozen and equilibrium limits at x/M= 15. (5.46), 7�0 with frozen 
and equilibrium limits. (5.47), 70' with equilibrium limit. (5.48), 7' with equilibrium 3 N02 
limit. 
ND. All reactive scalar mean concentrations are bracketed by frozen and equilibrium 
limits which should be so according to conserved scalar theory. 
Reactive scalar r.m.s. concentrations for NO, 03 and N02 are shown in fig­
ures 5.46, 5.47, and 5.48, respectively. Data for NO (figure 5.46) are shown on a 
log-log basis for the reason given above in relation to figure 5.43. Frozen and equi­
librium limits for 7],10 (figure 5.46) are very close together indicating that chemical 
reaction has little effect on this statistic. No trend with ND is observed. Data for 
1�3 show a small ND trend particularly around x/x,= 1. The r.m.s. equilibrium 
limits for 03 and N02 in this region are a maximum, as would be expected, because 
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Figure 5.47: See ca.ption on figure 5.46. 
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Figure 5.48: See ca.ption on figure 5.46. 
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when x/x, = 1 rNOx fluctuates around rO, ,2 , causing the Heaviside step function in 
equation 4.7 to fluctuate also. In general, the r.m.s. of 03 and N02 are increased 
by reaction since the respective equilibrium limits are greater than that of the frozen 
limits at any given value of x/x,. Respective limits for I�O on figure 5.46 indicate 
that the effect of reaction is to reduce fluctuations and so the equilibrium limit for 
I�O does not have a maximum at x/x,= 1 .  Frozen and equilibrium limits for r.m.S. 
values of reactive scalars do not bracket experimental data, but are not required to 
by conserved scalar theory. There is a trend for the limits to bracket the data when 
x/x, > 1. 
Root mean square fluctuations for N02 (figure 5.48) and their respective limits 
are almost identical to those of 03 (figure 5.47). This can be shown to be so from 
conserved scalar theory, as follows. We note that 
Then, using equations 4 .1 ,  4.2 and 4.6, it can be shown that 
rO,,2 
INO, = -'0, + INOx -r-- ' NO,I (5.20) 
from which it follows that I�o, � 1�3 ' since in plumes INOx � rNO,I and rO, ,2 � 
rNO,I .  The latter is true for measured r.m.s.s as well as for the frozen and equilibrium 
limits. Thus, the similarity of the 03 and N02 r.m.s. values in figures 5.47 and 5.48 
is as expected from conserved scalar theory. 
- 3 - 4 Skewness, S = I( h'; and kurtosis, K = ,th'; for the reactive scalars NO and 
03 are shown in figures 5.49( a) and (b) respectively. Moments greater than the first 
for N02 are not shown since they are closely related to those for 03• Even moments for 
03 and N02 are found to be similar and that for odd moments greater than the first 
are symmetric about the S = K = 0 axis. The reason for this is discussed in relation 
to equation 5.20. At x/x, � 1 ,  the region of lower reactedness than x/x, » 1, S 
and K for NO have values of about 1 and 5, respectively. These values are close to 
the S and K values for the conserved scalar at the same measuring point which are 
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�'igure 5.49: Skewness and kurtosis ot reactive scalars, with varied reactant ratio and three 
ND on the centreline at x/M= 15. Geometric shapes as in figure 5.42(a). Open symbols, 
S; full symbols, K. (a), NO. (b), 03, 
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shown in table 5.2. This similarity is because NO in this region of lower reaction is 
approaching the behaviour of a non-reactive scalar. In the region x/x, � 1 ,  S and 
K for NO increase significantly as the effect of reaction becomes greater. The high 
value of S is because reaction is skewing the distribution of NO. In this region of high 
reactedness nearly all fluid where fNOx < fNOx,' will have rNO = 0, whereas there is 
less effect of reaction on higher concentrations of NO. Values of S and K for 03 in the 
x / x, � 1 region are about 2 and 8, respectively, which is significantly higher than that 
for NO. The 03 fluctuation is caused almost entirely because of reaction as discussed 
in relation to 1�3 in figure 5.47. When fNOx < fNOx " (which is not frequently in this 
region, x/x, � 1) , f03 falls to zero and so the 03 distribution is skewed. At higher 
x / x" the inequality is satisfied more often and so the 03 distribution is more evenly 
distributed and less skewed. 
Reactant covariance, normalized by initial 03 concentration, is shown in fig­
ure 5.50. The equilibrium limit is shown but for clarity the frozen limit is omitted 
because it is very small. At any given value of x/x" the equilibrium limit is above 
the frozen limit indicating that the effect of reaction is to increase the covariance . 
For the ND of these experiments the covariance is above the equilibrium limit. With 
increasing N D the trend is for the covariance to decrease. This is because low N D 
data, for any given value of x/x" will not have reacted as much as that for high ND 
and so would be expected to have higher covariance because both reactants will still 
co-exist. At higher ND reactants will have reacted out and so will not co-exist and 
will consequently have a lower covariance. The data support this line of reasoning. 
The segregation coefficient, defined in equation 4.10, is the ratio of the reactant 
covariance to the product of the means and is shown in figure 5.51. The frozen and 
equilibrium limits of et of approximately zero and -1, respectively, are not shown. 
This is not to be confused with Danckwerts' (1953) intensity of segregation defined 
in equation 5.7 which only involves conserved scalars. Some confusion of terminology 
exits in the literature because Vila-Guerau de Arellano et al. (1990) and co-workers 
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Figure 5.50: Reactant covariance normalized by fb3 ,2 on the centreline. Geometric shapes, 
data with varied reactant ratio and three No at x/M = 15; letters "a - e" , data with 
constant reactant ratio and No at various x/M. Symbols as for figure 5.42(a). Lines, 
equilibrium limit at x/M = 15. 
use the latter term for the former definition. We adopt the terminology of Danck­
werts (1953) and refer to a as the segregation coefficient as has been done by Bilger 
et al. (1991 ). Values of a in figure 5.51 lie between -0.35 and -O.S, indicating that 
the covariance makes a significant contribution to the reaction rate for all cases in 
the present study. This parameter shows significant sensitivity to No. The equilib­
rium limit of the segregation coefficient is - 1 . This can be shown by rearranging 
equation 4.9 to give 
a =  = -1 _ fNofo3 • 
rNofo3 
(5.21) 
When No --t 00, fNOf 03 = 0 since the two reactants cannot co-exist, hence the last 
term in equation 5.21 drops out leaving ae = -1. The frozen limit of a is the intensity 
of segregation, Iseg, which in this case takes the small value of approximately 0.0011 .  
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Figure 5.51: Segregation coefficient, a, with varied reactant ratio and three ND on the 
centreline at x/M = 15. Geometric shapes as for figure 5.42( a). 
The intensity of segregation tends to -1 as x --> 0 and to 0 as x --> 00 indicating, 
complete segregation of streams 1 and 2 and complete mixing of streams 1 and 2, 
respectively. As expected, a in figure 5.51 is closer to the equilibrium limit of -1 as 
ND increases for any constant value of x/xs• The data for a show a downward trend 
with increasing x/xs. This trend is reversed by the high No data point at large x/xs• 
This can be explained because large x / Xs indicates more complete reaction and so 
the reactants will tend not to co-exist, causing a to approach its equilibrium limit of 
- 1 , as shown in equation 5.21. Laboratory measurements of a have been made using 
the NO-03 reaction by a number of researchers. Builtjes (1983) obtained values of a 
down to -0.4 from a plume of NO in a wind tunnel boundary layer doped with 03. 
Ibrahim et al. (1987) and Bilger et al. (1991) obtained minimum values of -0.6 for a 
in opposed jet flows and a scalar mixing layer, respectively. In the atmosphere it has 
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been found that a is sensitive to height. ViliL-Guerau de Arellano et al. (1993), using 
an aeroplane, find values of a close to zero near the ground falling to -0.1 at 1000 m. 
Large-eddy simulation by Sykes et al. (1990) estimate a as a function of distance from 
release and found sensitivity to initial concentration of NO giving values from -0.1 
to -0.9. Both ViliL-Guerau de Arellano et  al. (1993) and Sykes et  al. (1990) have 
included photochemical effects in their measurements of a. Schumann (1989) used 
large-eddy simulation without photochemical effects and found values of a between 
o and -0.7. The present values of a have a greater range than that of most other 
physical experiments because of the larger range of reactant ratio and ND used in the 
present study. The range of values found here are closer to that found in large-eddy 
simulations by Schumann (1989) and Sykes et al. (1990) where significant variation of 
reactant ratio and N D are possible. Since all the data in figure 5.51 were measured at 
the same value of x (it is x, that is varied as a function of 1/1, as equation 5.17 shows), 
the large variation in a is due only to variation of the initial reactant concentrations. 
In addition t� t�e �ova.ria.nce, higher ord�r terrl1s iluch _as the tripl� correlatioIl 
can be extracted from the data. Figures 5.52(a) and (b) show the triple correlation 
coefficients I'NOl'203 and I'�o I' 03 ' respectively, with equilibrium limits all normalized 
by measured scalar r.m.s values. These terms appear in the conservation equation 
for the reactive scalar variance. The equilibrium limits are shown on the figure but 
the frozen limits are omitted because they are close to zero. The unnormalized data 
(not shown) show observable trend with Damkiihler number which is not evident in 
figures 5.52( a) and (b) because normalization is by the r.m.s. values. 
Except for experimental scatter, appropriately normalized equilibrium limits for 
a reactive scalar statistic or joint statistic in the above figures are the same for any 
given value of x I x" regardless of reactant ratio or Damkiihler number. This is because 
these limits are derived from conserved scalars which are not affected by chemical 
reaction. The collapse of the equilibrium limits can be seen in figures 5.43 through 5.48 
and 5.50, and is a good confirmation of conserved scalar theory and the experimental 
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Figure 5.52: Triple correlation coefficient with varied reactant ratio and three ND on the 
centreline at x/M = 15 .  Lines, equilibrium limit at x/M = 15. Geometric shapes as for 
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set-up in view of the fact that the reactant ratio was varied by a factor of 30. 
5.3.4 Conclusions: Varied Initial Reactant Concentrations 
Selection of conditions for experiments to investigate the effects of variation of ini­
tial reactant concentrations on scalar statistics have been described and made. The 
data of §5.2 (with measurements at various axial and radial locations) were used to 
select 26 varied initial concentrations of NO and 03 with measurements made at the 
one physical location. A scaling parameter, the stoichiometric distance, based on the 
initial ratio of reactant concentrations is obtained. It proves satisfactory for presen­
tation of the reactive scalar statistics measured at one location with varied reactant 
ratio and three ND and that with constant reactant ratio and ND at various x/M. 
The first four moments of the conserved scalar statistics for the 26 sets of exper­
iments with varied initial reactant concentrations at the same location have no ob­
servable differences. This confirms the use of conserved scalar theory for this flow and 
the integrity of the measurement techniques used. Since conserved scalar statistics 
have no observable differences, quantities derived from them such as the equilibrium 
limit should also have no observable differences. This is found to be so by the collapse 
of the equilibrium limits through the full range of initial reactant concentrations. 
Statistics for NO show no significant trend with Damk6hler number while those 
for 03 and N02 show measurable trend. The effect of reaction is to decrease the 
fluctuation of NO concentration and increase the fluctuation of 03, N02 and the 
covariance. Conserved scalar theory supports the experimental finding that, within 
the resolution of the instruments used, the even moments of N02 and 03 in this 
plume have no observable differences and the odd moments greater than the first are 
symmetric about the horizontal axis. It is found that the reactant covariance makes 
a significant contribution to the reaction rate for all cases in the present experiment. 
The segregation coefficient is found to be similar both to that found in other reactive 
laboratory experiments and to that found in large-eddy simulations of the atmosphere 
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where the initial reactant concentrations are varied over a wide range. 
Chapter 6 
Conditional Results and CMC 
Predictions 
6.1 Introduction 
Conditional statistics of reactive scalars presented in this Chapter give an insight 
into turbulent reacting flows which cannot be gained from conventional time average 
statistics. They provide a way of separating the interaction between turbulent mixing 
and chemical reaction. Such statistics may have properties which are not apparent 
with conventional statistics, for example, some conditional statistics have a lack of 
significant cross-stream dependence. Such properties can be very significant because 
they simplify modelling of these flows. 
Results are presented for both the constant initial reactant concentration (§5.2) 
and varied initial reactant concentration (§5.3) experiments. Dependence on cross­
stream position of the conditional reactive scalar mean and that of the variance around 
the conditional mean is investigated. The relative magnitude of these two statistics 
is determined to see if the conditional covariance can be neglected in closure of the 
conditional reaction rate. Different forms of scatter plots are used to gain an overall 
137 
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impression of the data. 
Conditional means are compared with preliminary CMC modelling predictions 
and with the reaction dominated limit. Measured unconditional reactant scalar means 
are compared with those obtained from the CMC prediction by weighting by the 
conserved scalar p.d.f. and integrating in conserved scalar space. The significance of 
the measuring location in the plume relative to the stoichiometric distance, where the 
unconditional mean conserved scalar is equal to the initial concentration of ambient 
reactant, is investigated. 
A simplified expression for the reactant covariance as a function of the condi­
tional reactant means will be derived and its covariance estimates compared with 
experimental data. 
6.2 Constant Initial Reactant Concentration Re­
sults (Various Radii and Axial Locations) 
The results in this Section are conditional statistics which correspond to the uncon­
ditional statistics presented in §5.2. The experiments were all conducted at constant 
initial reactant concentration and various axial and radial locations so they can be 
used to investigate the radial dependence of the conditional statistics. Initial condi­
tions can be found in table 3.2. 
Conditional means of the reactive species, QNO and Q03 '  are shown at many 
radial locations in the flow in figures 6 .1(a) and (b) for x/M =7 and 15, respectively. 
For clarity, QNO, is not shown since it can found by conserved scalar theory to be a 
linear function of two other scalars, for example, QNO, = r�, - Q03 � rO,,2 - Qo, .  
Frozen and equilibrium limits obtained from conserved scalar theory in §4.2.1 are 
shown in figure 6 .1  and bracket the conditional means as they should according to 
conserved scalar theory. The data lie in the central region between the frozen and 
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Figure 6.1: Conditional mean of reactant concentrations with constant initial reactant con­
centration at various radii. Frozen and equilibrium limits are shown. Solid line, CMC model. 
(a) , x/M = 7, fNO,l = 515 ppm, fo,,2 = 1.07 ppm. (b) , x/M = 15, fNO,l = 515 ppm, 
fo,,2 = 1.02 ppm. Legend for radial locations shown on figures 6.2(a) and (b), respectively. 
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equilibrium limits, indicating that reactant concentrations cannot be found from sim­
ple modelling assumptions because turbulent mixing and chemical reaction are both 
involved (ND of order unity). It can be seen that the conditional reactant means 
collapse, showing lack of significant dependence of cross-stream location. This is in  
agreement with experimental studies by Masri et al. (1992) (turbulent nonpremixed 
flames of methanol) ,  Bilger (1993) (reacting scalar mixing layer), Li & Bilger (1995a) 
(line source), Starner et al. (1994) (turbulent jet diffusion flame) and Mell et al. 
(1994) (direct numerical simulation). Klimenko (1995) has developed a robust math­
ematical theory that can explain such lack of radial dependence in a wide variety of 
flows. Careful observation of the data shows that, at high values of the conserved 
scalar, conditional reactant means from large radii are slightly larger than that for 
low radii, while at low values of the conserved scalar the relative size of the condi­
tional reactant means is reversed. The trend is hard to isolate because the data are 
also affected by drift in the chemiluminescent analysers. The CMC model predictions 
follow the data closely, approximately passing through the middle of the scatter when 
the conserved scalar is close to its stoichiometric value (fNox /fo3 .2 = 1 ) .  Klimenko 
& Bilger (1995) have proposed a correction to the CMC model for the small variation 
of the conditional mean with radius, but this is not investigated further here. It is 
shown below that the unconditional reactive scalar means, obtained by weighting the 
present CMC predictions with the conserved scalar p.d.f., are close to the experimen­
tal values. This indicates that the small trend of the conditional scalar mean with 
radius does not significantly affect the CMC prediction in this case. 
Figures 6.2(a) and (b) show the conditional reactant variances around the condi­
tional means (which are equal for all reactants) at the same radial locations as those 
for the conditional means. The conditional variances do not collapse as well as those 
for the conditional means but their relative magnitude is quite small. For example, 
it can be seen from figures 6 .1(b) and 6.2(b) that, at x/M=15, conditional reactant 
variance is no more than 3.8% of the product of the conditional reactant means at the 
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Figure 6.2: Conditional variance around conditional reactant means with constant initial 
reactant concentrations at various radii. (a), x/M= 7. (b), x/M=l5. Radial locations, 
symbols and initial concentrations correspond to those in figures 6.l( a) and (b), respectively. 
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stoichiometric value of the conserved scalar, fNOx ., = f03 .2, which is where most re­
action occurs. The conditional covariance is therefore neglected and the Conditional 
Moment Closure for the reaction rate is then simply the product of the conditional 
means, as given in equation 4.20 above. 
6.3 Varied Initial Reactant Concentration Results 
The results in this Section are conditional statistics which correspond to the uncon­
ditional statistics presented in §5.3. The measurements were carried out at a fixed 
physical location and with varied initial reactant concentrations. The similar flow 
field and varied initial reactant concentration conditions provide a useful data set to 
investigate the reactive behaviour of the plume using conditional statistics. The lat­
ter are compared with preliminary CMC predictions and to the reaction dominated 
limit. Initial conditions for these experiments can be found in table 3.3. 
Scatter plots are often used when studying reacting flows to gain an overall 
impression of the data. Here, we follow the style of presentation used by Masri et 
al. (1992) for combusting flows. Figures 6.3, 6.4 and 6.5 show scatter plots at low, 
intermediate and high Damkohler number which correspond to the centreline data 
in figures 6.8, 6.11 and 6.14, respectively, below. Scatter of the reactants and 
product versus the conserved scalar, fNox/fo3.2 � F/F. are shown. For clarity only 
5,000 of the 32,768 measured points are shown. The scatter around the conditional 
averages, QNO ,  Q03 and QN02 (solid lines) is relatively small and, as expected, the 
reaction dominated limit (dotted line) forms an envelope around the data indicating 
the maximum reactedness of the fluid. As the Damkohler number increases both, 
the reaction dominated limit and the data approach the equilibrium limit, which is 
a line of slope 1 passing through the origin. The CMC prediction is quite close to 
the data mean at all values of the conserved scalar. It is particularly close near its 
stoichiometric value. 
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Figure 6.3: Scatter plots for reactive scalars, NO, 03 and N02 versus a conserved scalar as 
shown in table 3.3. Solid line, data mean; dashed line, CMC model; dotted line, reaction 
dominated limit. (6.3) Low Damkohler number data with 1/J = 0.00109; (6.4) Intermediate 
Damkohler number data with 1/J = 0.00146; (6.5) High Damkohler number data with "if> = 
0.00360. 
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Figure 6.4: See caption on figure 6.3. 
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The data of figures 6.3, 6.4 and 6.5 can also be represented as scatter plots of one 
reactant versus another. Figures 6.6( a) and (b) show such scatter plots for low and 
high Damkohler number corresponding to the data of figure 6.3 and 6.5, respectively. 
Conserved scalars are represented on the figures as straight lines. The stoichiometric 
value of the conserved scalar is shown as a diagonal line in the figure. All other 
lines of constant conserved scalar will be parallel to this line. It should be noted 
that representing the data in this way provides no new information over that gi ven 
in the previous scatter plots, but has the advantage that only one figure is needed to 
represent the two reactants whereas two were needed previously. Figures 6.6(a) and 
(b) are included here for completeness. Again, the reaction dominated limit forms 
a lower bound on the reactant concentrations and approaches the axes (which are 
the equilibrium limits) with increasing Damk6hler number. The CMC prediction is 
similar to that in figures 6.3 and 6.5 above. The density of scatter points is related 
to the value of the joint p.dJ., an example of which is shown in figure 5.22. 
Figures 6.7 through 6.15 show the conditional reactive scalar means which were 
all measured on the centreline at x/M = 15. Three sets of reactant ratios are shown 
for each of the three Damkohler numbers. No is varied by a factor of 6 and the reactant 
ratio is varied by a factor of 30, as shown in table 3.3. The remaining data are shown 
in Appendix A. The reaction dominated limit is also shown and, as expected, forms 
a lower (upper) bound on reactant (product) concentrations because it represents the 
maximum amount of reaction that would be expected in the convection time from 
the introduction of the point source. 
Preliminary CMC model results are also shown on figures 6.7 through 6.15. 
As a check on the solution scheme, the conditional scalar dissipation was set to 
zero, effectively removing the diffusion term from equation 4.22. The result for the 
conditional mean was then found to be the reaction dominated limit, as it should be. 
Mell et al. (1994) show the importance of the conditional scalar dissipation as an 
input to the CMC model. Consequently, sensitivity of the CMC model results to the 
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Figure 6.6: Scatter plot of rNO versus ro, using data from table 3.3. Solid line, data mean; 
dashed line CMC prediction; dotted line, reaction dominated limit. (a) Low Damkiihler 
number data with ", = 0.00109; (b) High Damkiihler number data with ", = 0.00360. 
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conditional scalar dissipation was checked and is shown in figure 6.9, where results 
are shown for < X l'l > x2, < X l'l >, < XI'7 > /2 and < XI'7 > /5. The sensitivity 
analysis shows that changing < XI'7 > by a factor of 2 changes Qi by less than 1 0  % 
at fNox /fo3,2 = 1 .  Even though the model used for < XI'7 > is relatively simple, it 
gives good results for most cases and is adequate to establish the usefulness of the 
CMC modelling approach for reactive plumes. 
For further discussion, each of the realizations of the plume given in table 3.3 will 
be located relative to the stoichiometric distance, x, which is tabulated in table 5.2. 
The latter is the axial centreline location where rNOx ,c has been diluted down to 
fNox," It represents the location where mean reaction is expected to be high and 
is explained in detail in §5.3 .1 .  It is evident on figures 6.7 through 6.15 that, in 
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general, the CMC model follows the experimental values of Qi  well when x/x, i s  not 
too far from unity. Figure 6.7 (x/x, = 0.125) has the poorest agreement between the 
CMC prediction and the experimental data. This measuring point is relatively far 
upstream compared with the x/x, = 1 point. Another way of expressing this is to 
look at the value of the reactant ratio for this experiment (..p = 0.000371) which was 
much less than rNOx /fNO,l = 0.00278 indicating, that there will be little reaction 
because the mean conserved scalar has not been mixed with ambient reactant down 
to its stoichiometric value. Such regions of low reactedness are generally difficult to 
model. The reactive scalars are close neither to their reaction dominated limits nor 
their frozen limits. The model used for the conditional scalar dissipation may also 
break down in this region. The other extreme of x / X5) figure 6.12 (x / Xs = 1.41) and 
figure 6.15 (x/x, = 3.59), is a region of high reactedness. The reaction dominated 
limit approaches the equilibrium limit and the data and the CM C predictions are both 
close to the reaction dominated limit. In this region, the CMC model results show 
good agreement with experimental data at lower values of fNOx /f 03,2, because in this 
region of high reactedness Q; approaches the simple case of the reaction dominated 
limit. When fNOx /f03,2 > 1 ,  the model over-predicts reaction. However, this will 
have very little effect on predictions of the conventional mean because the conserved 
scalar p.d.f. gives a very small weighting to such high values of fNOx /f03,2' 
CMC predictions of conventional means of NO, 03 and N02 are compared with 
experimental data in figures 6.16, 6 .17 and 6.18, respectively. All experimental data 
were measured on the centreline at x/M = 15 with the conditions shown in table 3.3. 
Results of all 26 experiments are shown. The use of x/x, to present the data and the 
need to use a log-log plot for the NO data are discussed in §5.3.1 and §5.3.3. The 
predicted means were obtained by weighting the CMC prediction of the conditional 
reactive scalar means (shown in figures 6.7 through 6.15 and A.l through A.17) with 
the conserved scalar p.d.f. (examples of which are given in §5.2.3), as expressed in 
equation 4.16. The CMC model results follow the data well at all values of x/x, 
except x/x, « 1. As discussed in relation to figure 6.7, the latter is a region of low 
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reactedness where the local mean value of the conserved scalar is much higher than 
its stoichiometric value and is difficult to model. 
Conditional reactant means can be used to predict the reactant covariance as 
follows: We define the difference between a conventional mean concentration and a 
conditional mean concentration as 
qi(l), x/M, r) = Qi - I", (6. 1)  
and the conditional fluctuation around the conditional mean, Yi ,  has been defined in 
equation 4.18. Subscripts for Yi will be dropped from now on because it has been 
shown by Li & Bilger (1993) that, with the present chemical reaction, Yi is the same 
for all reactive species. 
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Then, from the Reynolds averaged form of the product of the means, 
Using equations 6 .1 ,  4.18 and 6.2, we obtain 
INOIO, (QNO + y)(Qo, + y) - rNOrO, 
- (fNO + qNO + y)(fo, + qo, + y) - rNOrO, 
rNofo, + QNOqO, + QNOY + �oQo, + qNOqO, + qNOY+ 
yQ03 + yqo, + y2 - rNOrO, . 
Upon averaging and neglecting minor terms, the equation simply reduces to 
(6.2) 
(6.3) 
(6.4) 
The right hand side of equation 6.4 can easily be found from the conditional reactive 
scalar means or their CMC prediction. Using equation 4.16 to integrate in conserved 
scalar space and substituting using equation 6.1 gives 
(6.5) 
Figure 6.19 shows predictions of reactant covariance using equation 6.5 based 
on CMC calculations with experimental data for comparison. The predictions are 
good at all values of x/x. except x/x, « 1, for the same reasons as those for the 
CMC predictions for the mean described above. The agreement of the covariance 
estimate and the experimental data give support to the neglecting of the minor terms 
in equation 6.3. The covariance reaction dominated limit is shown in figure 6.20 with 
experimental data for comparison. The reaction dominated limit is sensitive to No 
and follows the trend of the data fairly closely. This is because it is based on complete 
mixing at the point of introduction of the point source followed by reaction for the 
mean time of convection to the point of sampling. The higher the No the more the 
reactants will be consumed by reaction, and hence the reaction dominated covariance 
limit will be reduced. The low No reaction dominated covariance limit appears to 
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Figure 6.19: Predictions of reactant covariance over three Damkiihler numbers and all 
reactant ratios as shown in table 3.3. Lines, predictions using equation 6.5; symbols, ex­
perimental data. 
have a spike above x/x, = 0.367, however, it can be seen from table 3.3 that this is 
due to an abnormally low value of f03,2(=OA ppm) for this particular experiment. 
6.4 Conclusion 
Conditional reactive scalar statistics conditional on the value of a conserved scalar 
have been presented for a reactive plume of NO in an environment of 03• Conditional 
statistics give insight into the behaviour of the reacting plume that cannot be gained 
from conventional statistics. The data have also been presented in the form of scatter 
plots of the reactive scalars against the conserved scalar and scatter plots of one 
reactant against another. The scatter plots help to give an overall impression of the 
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three Damkiihler numbers and all reactant ratios as shown in table 3.3. Lines, reaction 
dominated limits; symbols, experimental data. 
data and show that the reaction dominated limit forms a lower (upper) bound on 
reactant (product) concentration and that variance around the conditional mean is 
relatively small. 
It is found that the reactive scalar means conditional on a conserved scalar lack 
significant dependence on radial position. This is in agreement with experimental 
findings in other reacting flows and theory. A small variation of the conditional mean 
with radius is observed but the trend is hard to isolate. The correction for this pro­
posed by Klimenko & Bilger ( 1995) could be investigated in future work. Conditional 
variance around the conditional mean has low dependence on radial position but has 
greater scatter than that of the conditional mean. It is found to be small relative 
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to the conditional mean. This makes it possible to neglect the covariance in the clo­
sure of the conditional reaction rate term, which simply becomes the product of the 
conditional reactant means. 
Preliminary results from the CMC model of Bilger (1993) and Klimenko (1990) 
are presented for this reacting flow. The model is preliminary because cross-stream 
terms in the conditional conservation equation have not been eliminated by integra­
tion across the flow. Integration was not possible because of the lack of a model for 
the conditional conserved scalar dissipation integrated across the flow. Instead a sim­
ple model relating the conditional dissipation to its unconditional value is used. In 
general, the preliminary CMC model predictions compare well with the experimental 
conditional reactant means, particularly when the mean conserved scalar is not too 
far from its stoichiometric value. It appears that a complete CMC model integrated 
across the flow would be worth while. Weighting of the CMC conditional values 
with the conserved scalar probability density function and integration in conserved 
scalar space yields the conventional (unconditional) reactive scalar means. The p.d.f.s 
used are determined from the experimental data. It would be useful to investigate 
other methods for finding the p.d.f.s. CMC predictions of conventional reactive scalar 
means compare well with the present experimental data except when the mean con­
served scalar is much higher than its stoichiometric value. The reaction dominated 
limit forms a limiting case of CMC when the conditional scalar dissipation is set to 
zero. 
Knowledge of the position in a plume relative to the stoichiometric distance 
(where the unconditional mean conserved scalar is equal to the initial concentration 
of ambient reactant) is shown to influence the conditional statistics. When condi­
tional statistics are measured relatively far upstream of the stoichiometric distance, a 
region of low reactedness, the conditional reactant means are close to the frozen limit 
because they are the result of mixing with little reaction. Relatively far downstream 
of the stoichiometric distance, where reaction is close to completion, the reaction 
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dominated limit approaches the equilibrium limit. The conditional reactant statistics 
and the CMC model results approach the reaction dominated limit because diffusion 
in conserved scalar space is almost completed and the micromixing term is negligible 
in the conditional conservation equation. Knowledge of the position relative to the 
stoichiometric distance in the plume can be an aid to modelling reactive plumes. 
A good estimate of the reactant covariance is made from the conditional reactive 
scalar means. 
Chapter 7 
Conclusions and 
Recommendations 
The aim of the present work has been to obtain a well-resolved set of concentra­
tion and velocity data and use them to improve basic understanding of turbulent 
reacting flows. Measurements in the plume using the Turbulent Smog Chamber have 
been made at a resolution not previously reported in the literature. The frequency 
response and spatial resolution of the chemiluminescent analysers used to measure 
the concentration fluctuations are found to be adequate to resolve reactant higher 
moments, p.d.f.s, spectra and velocity-scalar correlations. 
The flow configuration in the TSC was a point source of NO in a turbulent grid 
flow doped with 03. One set of experiments measured radial profiles at various axial 
locations under constant initial reactant concentrations. These measurements were 
used to characterize the general behaviour of the plume. Using this information a 
fixed physical location was selected and varied initial reactant concentrations were 
carefully chosen for another set of experiments to investigate further the reactive 
behaviour of the plume. 
The data obtained appear credible and the measurement technique reliable by 
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checks on the equivalent source strength ,  conserved scalar balance equation and com­
paring the decay exponents of the mean conserved scalar to the growth exponent of 
the mean plume. Comparison, where possible, has been made to plumes studied by 
others showing that the plume is behaving as would be expected in grid-turbulence. 
Conserved scalar theory is used to find frozen and equilibrium limits of the re­
active scalars. The experimental data are compared to these limits and are bracketed 
by them in the case of the reactant means and the mean reaction rate, as should be so 
according to the theory. Reactive scalar variance and covariance do at times lie out­
side their frozen and equilibrium limits, particularly on the centreline and upstream. 
When the behaviour of the reactants is compared to that of the reactive scalar mixing 
layer of Bilger et al. (1991), the plume reactant behaves as a reactant not in excess, 
whereas the ambient reactant behaves as a reactant in excess. Hence, the plume re­
actant may be approximated using its equilibrium limit. This trend is not as marked 
on the cent reline because the mixing process is not bringing significant amounts of 
unmixed ambient reactant into the centre of the plume. The data indicate that the 
reaction dominated limit forms an upper limit on reactive scalar reactedness. 
Interaction between turbulent mixing and chemical reaction, as measured by the 
covariance term, iNOio" in the mean reaction rate, is negative and significant for 
all reactive measurements made. The Toor (1969) closure for the reaction rate gives 
overestimates between 15% downstream and 65% upstream. The statistics of the 
ambient reactant, 03, and joint reactant statistics are sensitive to reaction. That for 
NO are affected to a lesser degree. 
Measured velocity-scalar fluxes (including f2v) are used to investigate gradient 
transport. Diffusivities for conserved and reactive scalars show significant scatter. 
Gradient transport may break down because the plume is relatively small compared 
with the integral scale of the turbulence. The ratio of the turbulent diffusivities for 
the conserved scalar mean and that for the r.m.s. are found to be approximately 1 
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with significant scatter. This is in agreement with findings in other plumes. Reac­
tion is not found to have any observable effect on turbulent diffusivities. Conserved 
scalar turbulent diffusivities are also calculated using Taylor's diffusion theory and 
are acceptably close to that found using the gradient model directly. 
Analysis of scalar spectra indicates that contributions to scalar dissipation peak 
at about 6 Hz. The chemiluminescent analysers are able to capture this because 
their frequency response is 20 Hz. Conserved scalar dissipation is estimated by two 
methods with reasonable agreement given the necessary assumptions. Estimates of 
the ratio of timescales of kinetic energy dissipation and scalar dissipation of around 2 
downstream in the plume are in agreement with that found in some other similar flows 
and that often used in modelling. The ratio shows modest growth with increasing axial 
distance. Dissipation of non-reactive and reactive scalars are significantly different in 
this flow. The correlation coefficient between the conserved scalar and its dissipation 
in one of the three orthogonal directions (parallel to that of the mean flow) is found 
to be as high as 0.5 upstream off the centreline and as low as 0.25 downstream on the 
centreline. At the former level, it may be necessary to review the assumption of the 
independence of these two statistics in p.d.f. modelling of these type of flows. 
The stoichiometric distance is defined and is found satisfactory to collapse data 
from various axial locations and over a wide range of initial reactant concentrations. 
When measurements are made at the same physical location but with varied initial 
reactant concentrations, no observable difference is found in the first four moments 
of the conserved scalar (derived from measured reactive scalars) and the equilibrium 
limits for both reactive scalar means and r.m.s.s are found to collapse. This confirms 
the use of conserved scalar theory in this flow and the integrity of the measurement 
technique used. Statistics for NO show little or no trend with Damk6hler number, 
while those for 03 and N02 show a measurable trend. The effect of reaction is to 
decrease the scalar fluctuations of NO and to increase those of 03 and N02. Even 
moments of N02 and 03 in this plume have no observable differences and the odd 
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moments greater than the first are symmetric about the horizontal axis. 
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Scatter plots of reactive scalars against a conserved scalar are used to inspect the 
data and observe trends in the conditional means and variance around it. Scatter plots 
of one reactant against another reactant were shown to be a briefer way of presenting 
the data than the former scatter plots. The scatter plots show that the reaction 
dominated limit forms a lower (upper) bound on reactant (product) concentrations 
and that fluctuations around the conditional means are relatively small. 
Conditional statistics are found to be of significant use in investigating the reac­
tive behaviour of the plume. They help to separate the interaction between turbulent 
mixing and chemical reaction. Conditional reactive scalar means and variance around 
these means are found to lack significant dependence on radial location which is in 
agreement with results from other reactive flows and with theoretical predictions of 
Klimenko (1995). Some evidence of the small trend with radial location predicted 
by Klimenko & Bilger (1995) is observed but could not be fully isolated. Condi­
tional reactive scalar variance around the conditional means is relatively small. This 
leads to a simple closure of the conditional reaction rate term as the product of the 
conditional means. Preliminary Conditional Moment Closure modelling of the flow 
using the approach of Bilger (1993) shows good agreement with experimental data 
over most initial conditions. The CMC model is preliminary because of the need to 
integrate across the flow to eliminate cross stream terms that could be significant. 
Full modelling is not possible until a model for the conditional scalar dissipation in­
tegrated across the flow is available. This may be the subject of future work. The 
reaction dominated limit indicates the maximum reaction expected for the reactive 
scalars and is a limiting case of CMC when the conditional scalar dissipation is set 
to zero. Conventional (unconditional) reactive scalar means can be obtained from 
the preliminary CM C predictions using the conserved scalar p.d.f. The conventional 
means compare well with those of the experimental data except where the model 
for the conditional scalar dissipation appears to break down, which occurs when the 
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measuring position is relatively far upstream of the stoichiometric distance. The lat­
ter is the location where the (unconditional) mean conserved scalar is equal to the 
initial concentration of ambient reactant. Upstream of the stoichiometric distance 
the conditional reactant means approach the frozen limit, while downstream they ap­
proach the reaction dominated limit which in turn approaches the equilibrium limit .  
Knowledge of position in  a reactive plume relative to the stoichiometric distance can 
aid in modelling them. A good estimate of the (unconditional) reactant covariance is 
made from the CMC prediction of the conditional reactive scalar means. 
Possible future extensions of the present work include a Conditional Moment 
Closure of the flow with a full model for the conditional scalar dissipation integrated 
across the flow and CMC modelling of the conditional reactant variance. The con­
tribution of the less significant terms, €Q; and €y;, in the conditional mean species 
concentration equation could be investigated using the present data set. The correc­
tion to the CMC model for the small variation of the conditional mean with radius 
suggested by Klimenko & Bilger (1995) could be investigated using the present data 
set. The small drift in the chemiluminescent analysers, which makes this trend hard 
to isolate, could be investigated by reprocessing the data with compensation for in­
strument drift. 
The present CMC predictions of the conventional reactive scalar means have 
used experimental p.d.f.s. It would be interesting to investigate other possible forms 
for the p.d.f.s such as the beta function or delta function plus log-normal. 
As an area for further research it is planned in the future to extend CMC mod­
elling to atmospheric flows. It is recognized that a major difficulty here is that the 
problem may no longer be one of simple two stream mixing. Such extension would re­
quire characterization of the conserved scalar p.d.f.s through experiments or models. 
Results of studies of p.d.f.s from the TSC may be able to guide this process. If pos­
sible, conditional scalar dissipation could be determined from the p.d.f.s. The CMC 
model could be post processed on existing plume dispersion model results. Possible 
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applications include point or line source plumes, for industrial emissions or roadways. 
Bibliography 
[1] Antonia, R.A.,  Browne, L.W.B. & Chambers, A.J., 1981 Determination of time 
constants of cold wires. Rev. Sci. Instrum., 52(9), lO7-1 10. 
[2] Antonia, R.A., Prabhu, A. & Stephenson, S.E., 1975 Conditionally sampled 
measurements in a heated turbulent jet. J. Fluid Mech., 72 , 455-480. 
[3] Anand, M.S. & Pope, S.B. ,  1985 Diffusion behind a line source in grid turbu­
lence. Turbulent Shear Flows 4- Springer. 
[4] Anselmet, F. & Antonia, R.A., 1985 Joint statistics between temperature and 
its dissipation in a turbulent jet. Phys. Fluids, 28, 1048-1054. 
[5] Azzi, M. & Johnson, G.M., 1994 Photochemical smog assessment for NOx Emis­
sions using an IER-reactive plume technique. In Proc. of the 12th International 
Conference of the Clean Air Society of Australia and New Zealand., Perth, Vol 
2, 219-230. 
[6] Bange, P., 1993 Hidden photostationary equilibrium: A case study on the effect 
of monitor averaging on the calculated oxidation rate of NO to N02 in the plume 
of a power plant. Atmos. Environ., 27 A, (4), 573-580. 
[7] Bendat, J.S. & Piersol, A.G., 1971 Random Data: Analysis and Measurement 
Procedures, Wiley Interscience. 
167 
BIBLIOGRAPHY 168 
[8] Bilger, R.W., Antonia, R.A. & Sreenivasan, K.R., 1976 Determination of inter­
mittency from the probability density function of a passive scalar. Phys. Fluids, 
19, 1471-1474. 
[9] Bilger, R.W., 1978 The effect of admixing fresh emissions on the photostation­
ary state relationship in photochemical smog. Atmos. Environ., 12 1109-1 118 .  
[10] Bilger, R.W., 1980a Turbulent flows with non-premixed reactants. In Turbulent 
Reacting Flows (ed. P.A. Libby and F.A. Williams), pp. 65-113. Springer. 
[1 1] Bilger, R.W., 1980b Perturbation analysis of turbulent nonpremixed combus­
tion. Combust. Sci. Technol., 22, 251-61. 
[12] Bilger, R.W., Mudford, N.R. & Atkinson, J.D., 1985 Comments on "Turbulent 
effects on the chemical reaction for a jet in a nonturbulent stream and for a 
plume in a grid-generated turbulence" . [Phys. Fluids, 27, 77-86]. Phys. Fluids, 
28, 3175-3177. 
[13] Bilger, R.W., Krishnamoorthy, L.V. & Saetran, L.R. , 1989 Use of conditional 
averaging to obtain biogeochemical reaction rates and stoichiometries under 
turbulent mixing. In Proc. of the Tenth Australasian Fluid Mechanics Conj., 
University of Melbourne, 159-162. 
[14] Bilger, R.W., Saetran, L.R. & Krishnamoorthy, L.V., 1991 Reaction in a scalar 
mixing layer. J. Fluid Mech., 233, 211-242. 
[15] Bilger, R.W., 1993 Conditional moment methods for turbulent reacting flow. 
Phys. of Fluids A, 5 ,  436-444. 
[16] Burke, S.P. & Schumann, T.E.W., 1928 Diffusion flames. Indust. Eng. Chem., 
17, 1236-1245. 
[17] Breidenthal, R.E., 1979 Structure in turbulent mixing layers and wakes using a 
chemical reaction. J. Fluid Mech. 109, 1-24. 
BIBLIOGRAPHY 169 
[18] Bremhorst, K.,  Krebs, L. ,  Miiller, U. & Listijono, J.B.H., 1989 Application of a 
gradient diffusion and dissipation timescale ratio model for prediction of mean 
and fluctuating temperature fields in liquid sodium downstream of a multi-bore 
jet block. Int. J. Heat Mass Transfer, 32, 2037-2046. 
[19] Britter, R.E., Hunt, J.C.R., Marsh, G.L. & Snyder, W.H. , 1983 The effects of 
stable stratification on turbulent diffusion and the decay of grid turbulence. J. 
Fluid Meeh. ,  1 27, 27-44. 
[20] Brown, K.M.,  1992 Fast response measurement of air pollutant gases, Under­
graduate thesis, Department of Mechanical Engineering, University of Sydney. 
[21] Brown, R.J. & Bilger, R.W., 1993 Experimental study of a reactive plume in  
grid turbulence. In Proc. of the Fifth Australasian Heat and Mass Transfer 
Conf., University of Queensland, 22.1-22.6. 
[22] Brown, R.J. & Bilger, R.W., 1994 Experimental study and modelling of a re­
active plume. In Proc. of the 12th International Conference of the Clean Air 
Society of Australia and New Zealand., Perth, 2, 243-252. 
[23] Brown, R.J. & Bilger, R.W., 1995 Measurement and modelling of turbulent 
reacting plumes. In Proc. of the Twelfth Australasian Fluid Mechanics Conf., 
University of Sydney, 621-624. 
[24] Brown, R.J. & Bilger, R.W., 1996a An experimental study of a reactive plume 
in grid turbulence. J. Fluid Mech, 312, 373-407. 
[25] Brown, R.J. & Bilger, R.W., 1996b, Experimental Study of a reacting plume: 
Part 1 - Conventional concentration statistics. To be submitted to Atmos. En-
v�ron. 
[26] Brown, R.J. & Bilger, R.W., 1996c, Experimental Study of a reacting plume: 
Part 2 - Conditional concentration statistics. To be submitted to Atmos. Envi-
ron. 
BIBLIOGRAPHY 170 
[27] Builtjes, P.J.H., 1983 A comparison between chemically reacting plume models 
and wind tunnel experiments. In Air Pollution Modelling and its Application 
11 (ed. C. de Wispelaere), pp 59-84. Plenum Press, N.Y. 
[28] Campbell, I.M. ,  1986 Energy and the atmosphere. Wiley, Chichester, UK. 
[29] Carras, J.N. & Williams, D.J., 1988 Measurements of relative ay up to 1800 km 
from a single source. Atmos. Environ. 22, 1061-1069. 
[30] Cheng, 1., Peake, E. ,  Rogers, D. & Davis, A., 1986 Oxidation of nitric ox­
ide controlled by turbulent mixing in plumes from oil sands extraction plants. 
Atmos. Environ. 20, 1697-1703. 
[31] Corrsin, S., 1952 Heat Transfer in Isotrophic Turbulence, J. Appl. Phys. 23, 
1 13-118. 
[32] Corrsin, S. ,  1961 The reactant concentration spectrum in turbulent mixing with 
a first order reaction. J. Fluid Meeh., 11, 407-416. 
[33] Corrsin, S., 1964 Further consideration of Onsager's cascade model for turbulent 
spectra. Phys. Fluids, 7, 1156-1159. 
[34] Crocco, 1948 Lo Strato Limite Laminare Neigas, Monographic Scientifiche di 
Aeronautica No. 3, Rome, (translated as Report No. AL684, Aerophysics Lab­
oratory, North America Aviation Inc., Los Angeles. 
[35] Cussler, E.L., 1984 Diffusion, 1st Edition, Cambridge University Press. 
[36] Damkohler, G . ,  1940 Zt. f. Elecktroch 46, 601. English translation, NACA Tech. 
Memo 1112 ( 1947). 
[37] Danckwerts, P.V. ,  1953 The definition and measurement of some characteristics 
of mixtures. Appl. Sci. Res., A3, 279-296. 
BIBLIOGRAPHY 171 
[38] Delany, A.C., Fitzjarrald, D.R., Lenschow, D.H., Pearson, In., R., Wendel, G.J .  
& Woodruff, B. ,  1986 Direct measurements of nitrogen oxides and ozone fluxes 
over grassland. J. Atmos. Chem., 4, 429-444. 
[39] Eidsvik, K.J., 1980 Estimates of concentration fluctuations in an instantaneous 
plume. Atmos. Environ., 14 1365-1369. 
[40] Fackrell J.E. & Robins, A.G.,  1982 Concentration fluctuations and fluxes in 
plumes from point sources in a turbulent boundary layer. J. Fluid Mech., 117, 
1-26. 
[41] Gad-el Hak, M. & Morton, J.B., 1979 Experiments on the diffusion of smoke in 
isotropic turbulent flow. AIAA J. , 17, 558-562. 
[42] Georgopoulos, P.G. & Seinfeld, J .H., 1986a Mathematical modeling of turbulent 
reacting plumes-I. General theory and model formulation. Atmos. Environ., 
20, 1791-1807. 
[43] Georgopoulos, P.G. & Seinfeld, J.H., 1986b Mathematical modeling of turbulent 
reacting plumes-H. Application to the NO-N02-03 system. Atmos. Environ. ,  
20, 1809-1818. 
[44] Gerhke, P.J. & Bremhorst, K. ,  1993 Lateral velocity fluctuations and dissipation 
timescale ratios for prediction of mean and fluctuating temperature fields. Int. 
J. Heat Mass Transfer, 36, 1943-1952. 
[45] Hawthorne, W.R., Weddell, D.S.  & Hottel, H.C. ,  1949 Mixing and combustion 
in turbulent gas jets. Third Symposium on Combustion Flame and Explosion 
Phenomena. 266-288. Williams and Wilkins. 
[46] Hinze, J.O. ,  1975 Turbulence , 2nd edn. McGraw-Hill. 
[47] H!<Jjstrup, J. , Rasmussen, K. & Larsen, S.E., 1976 Dynamic Calibration of Tem­
perature Wires in Still Air. DISA Information, 20, 22-30. 
BIBLIOGRAPHY 1 72 
[48] Ibrahim, S.S. ,  1987 Nonequilibrium Chemistry in a Turbulent Smog Chamber, 
PhD thesis, University of Sydney. 
[49] Ibrahim, S.S. ,  Bilger, RW. & Mudford, N.R., 1987a Turbulence effects on 
chemical reactions in smog chamber flows. Atmos. Environ., 21, 2609-2621 . 
[50] Ibrahim, S.S. ,  Bilger, R.W. & Mudford, N.R. ,  1987b Calculation of mixing and 
chemical reaction in a turbulent smog chamber. PhysicoChemical Hydrodynam­
ics, 8, 265-292. 
[51] Jayesh & Warhaft, Z., 1992 Probability distribution, conditional dissipation, 
and transport of passive temperature fluctuations in grid generated turbulence. 
Phys. Fluids A, 4, 2292-2307. 
[52] Kamp de Feriet, J. , 1938 Some recent researches on turbulence. In Proc. 5th 
Intern. Cngr. Appl. Mech. Cambridge, Mass., 558-355. 
[53] Keffer, J.F., Olsen, G.L. & Kawall, J.G., 1977 Intermittency in a thermal mixing 
layer. J. Fluid Mech., 79, 596-607. 
[54] Kelman, J.B., 1995 Simultaneous Laser Imaging in Turbulent Diffusion Flames, 
PhD thesis, University of Sydney. 
[55] Kerstein, A.L., 1992 Linear-eddy modelling of turbulent transport. Part 7.  
Finite-rate chemistry and multi-stream mixing. J. Fluid Mech., 240, 289-313. 
[56] Klimenko, A .Yu . , 1990 Multicomponent diffusion of various admixtures in a 
turbulent flow. Fluid Dynamics, 25, 327-334. 
[57] Klimenko, A.Yu., 1993 Conditional moment closure and boundary layer approx­
imation. In Proc. of Australian Section of the Combustion Institute, University 
of Newcastle, A6.1-A6.6. 
[58] Klimenko, A.Yu., 1995 Note on the conditional moment closure in turbulent 
shear flows. Phys. Fluids, 7, 446-448. 
BIBLIOGRAPHY 173 
[59] Klimenko, A .Yu. & Bilger, R.W., 1995 The conserved scalar PDF and some con­
ditional expectations in turbulent shear flows. In Proe. of the Tenth Symposium 
on Turbulent Shear Flows, Penn. State University, 31 .25-31.29. 
[60] Klimenko, A.Yu., Bilger, R.W. & Roomina, M.R., 1995 Some PDF integrals for 
self similar turbulent flows. Combust. Sei. Teehnol., In press. 
[61] Komori, S .  & Ueda, H., 1984 Turbulent effects on the chemical reaction for a 
jet in a nonturbulent stream and for a plume in a grid-generated turbulence. 
Phys. Fluids A, 27, 77-86. 
[62] Komori, S . ,  Nagata, K., Kanzaki, T. & Murakami, Y., 1993 Measurements of 
mass flux in a turbulent liquid flow with a chemical reaction. AIChE J., 39, 
161 1-1620. 
[63] Komori, S . ,  Hunt, J.C.R., Kanzaki, T. & Murakami, Y., 1991a The effects of 
turbulent mixing on the correlation between two species and on concentration 
fluctuations in non-premixed reacting flows. J. Fluid Meeh. ,  228, 629-659. 
[64] Komori, S . ,  Kanzaki, T. & Murakami, Y., 1991b Simultaneous measurements 
of instantaneous concentrations of two reacting species in a turbulent flow with 
a rapid reaction. Phys. Fluids A, 3, 507-510. 
[65] Koochesfahani, M.M. & Dimotakis, P.E., 1986 Mixing and chemical reaction in 
a turbulent liquid mixing layer. J. Fluid Meeh. ,  170, 83-1 12. 
[66] Kosruy, G.,  1993 Frequency spectra of reactant fluctuations in turbulent flows. 
J. Fluid Meeh., 246, 489-502. 
[67] LaRue, J.C. & Libby, P.A . ,  1981 Thermal mixing layer downstream of a half­
heated turbulence grid. Phys. Fluids 24, 596-603. 
[68] Libby, P.A. Chigier, N. & LaRue, J .C. ,  1982 Conditional sampling in turbulent 
combustion. Prog. Energy Combust. Sei., 8, 203-231 . 
BIBLIOGRAPHY 1 74 
[69] Li, J.D. & Bilger, R.W., 1993 Measurement and prediction of the conditional 
variance in a turbulent reactive-scalar mixing layer. Phys. of Fluids A ,  5, 3255-
3264. 
[70] Li, J.D. & Bilger, R.W., 1994 A simple theory on conditional mean velocity in  
turbulent scalar-mixing layer. Phys. of Fluids A, 6,  605-610. 
[71] Li, J.D. & Bilger, R.W., 1995a Experimental study of reactive plumes behind 
line sources in homogeneous turbulence. In Proc. of the Tenth Symposium on 
Turbulent Shear Flows, Penn. State University, 2, 16.1-16.6. 
[72] Li, J.D. & Bilger, R.W., 1995b Conditional moment closure of reactive plumes 
behind line sources in homogeneous turbulence. In Proc. of the Twelfth Aus­
tralasian Fluid Mechanics Con]., University of Sydney, 625-628. 
[73] Li, J.D. & Bilger, R.W., 1996 The diffusion of conserved and reactive scalars 
behind line sources in homogeneous turbulence. J. Fluid Mech. In press. 
[74] Li, J.D., Brown, R.J. & Bilger, R.W., 1992 Experimental study of scalar mixing 
layer using reactive and passive scalars. In Proc. of the Eleventh Australasian 
Fluid Mechanics Con]., University of Tasmania, 159-162. 
[75] Li, J.D . ,  Brown, R.J. & Bilger, R.W., 1995 Spectral measurements of reactive 
and passive scalars in a turbulent reactive-scalar-mixing layer. Turbulent Shear 
Flows 9. In press Springer. 
[76] Lorimer, G.S. ,  1994 A new computer model for jets or plumes in the atmo­
sphere. In Proc. of the 12th International Conference of the Clean Air Society 
of Australia and New Zealand., Perth, 2, 161-177. 
[77] Ma, B.K. & Warhaft , Z., 1986 Some aspects of the thermal mixing layer in grid 
turbulence. Phys. Fluids A, 29, 3114-3120. 
[78] Maffiolo, G.,  Joos, E., Quesnel, R. & Thomas, P.F., 1988 Development and 
testing of short response time S02, NOx and 03 analysers. JAPCA, 38, 36-38. 
BIBLIOGRAPHY 1 75 
[79] Mansour, M.S. ,  Bilger, R.W. & Dibble, R.W., 1990 Spatial-averaging effects 
in Raman/Rayleigh measurements in a turbulent flame. Combust. Flame, 82,  
411-425. 
[80] Masri, A.R., Dibble, R.W. & Barlow, R.S., 1992 The structure of turbulent 
nonpremixed flames of methanol over a range of mixing rates. Combust. Flame, 
89, 167-185. 
[81] Men, W.E., Nilsen, V., Kosaly, G. & Riley, J.J., 1993 Direct Numerical inves­
tigations of the conditional moment closure model for nonpremixed turbulent 
reacting flows. Combust. Sci. Technol., 91, 179-186. 
[82] Men, W.E. , Nilsen, V., Kosaly, G. & Riley, J.J., 1994 Investigation of closure 
models for nonpremixed turbulent reacting flow. Phys. Fluids, 6, 1331-1356. 
[83] Men, W.E., 1996 A validity investigation of the conditional moment closure 
model for turbulent combustion. Submitted to Phys. Fluids. 
[84] Mickelsen, W.R., 1960 Measurements of the effect of molecular diffusivity in 
turbulent diffusion. J. Fluid Mech., 1 ,  397-400. 
[85] Mylne, K.R. & Mason, P.J., 1991 Concentration fluctuation measurements in 
a dispersing plume at a range of up to 1000 m. Q. J. R. Meteorol. Soc., 117, 
177-206. 
[86] Mudford, N.R. & Bilger, R.W., 1982 The photostationary state in Sydney smog. 
Internal report , Department of Mechanical Engineering, University of Sydney. 
[87] Mudford, N.R. & Bilger, R.W., 1983 A facility for the study of nonequilibrium 
chemistry in an isothermal turbulent flow. In Proc. of the Eighth A ustmlasian 
Fluid Mechanics Conf., University of Newcastle, 7C.9-7C.12.  
[88] Mudford, N.R. & Bilger, R.W., 1985 Examination of closure models for mean 
chemical reaction rate using experimental results for an isothermal turbulent 
reacting flow. Symp. (Int.) Combust., 20th. 387-394. The Combustion Institute. 
BIBLIOGRAPHY 1 76 
[89] Mudford, N.R. & Bilger, R.W., 1984 Non-equilibrium chemistry in an isother­
mal turbulent flow. Turbulent Shear Flows 4. Springer. 
[90] Nakamura, 1.,  Sakai, Y. & Miyata, M.,  1987 Diffusion of matter by a non­
buoyant plume in grid-generated turbulence. J. Fluid Meeh. ,  178, 379-403. 
[91] Namazian, M.,  Schefer, R.W. & Kelly, J., 1988 Scalar dissipation measurements 
in the developing region of a jet. Combust. Flame, 74, 147-160. 
[92] Nye, J.O. & Brodkey, R.S., 1967 The scalar spectrum in the viscous-convective 
subrange. J. Fluid Meeh., 29, 151-163. 
[93] Parantheon, P. , Petit, C. & Lecordier, J.C. ,  1982 The Effect of Thermal Prong­
Wire Interaction on the Response of a Cold Wire in Gaseous Flows (Air, Argon 
and Helium). J. Fluid Meeh., 124, 457-473. 
[94] Perry, A.E., 1982 Hot-Wire Anemometry, Oxford University Press, Oxford, 
U.K. 
[95] Perry, A.E., Smits, A.J., Chong, M.S., 1979 The Efects of Certain Low Fre­
quency Phenomena on the Calibration of Hot Wires. J. Fluid Meeh., 90, 415-
431. 
[96] Peters N., 1988 Laminar flamelet concepts in turbulent combustion. Symp. 
(Jnt.) Combust., 21st. 1231-50. The Combustion Institute. 
[97] Pope, S.B., 1985 PDF methods for turbulent reactive flows. Prog. Energy Com­
bust. Sei., 11, 119-92. 
[98] Post, K. & Kewley, D.J. ,  1978 Calibration of a Ozone calibration reference 
instrument. Clean Air, 12, 2-5. 
[99] Prasad, R.R. & Sreenivasan, K. R., 1990 Quantitative three-dimensional imag­
ing and the structure of passive scalar fields in fully turbulent flows. J. Fluid 
Meeh., 216, 1-34. 
BIBLIOGRAPHY 177 
[100] Rabiner, L.R. & Gold, B.,  1975 Theory and Application of Digital Signal Pro­
cessing, Prentice-Hall. 
[101] Saetran, L.R., Honnery, S.H., Starner, S.H. & Bilger, R.W., 1989 Scalar mix­
ing layer in grid turbulence with transport of passive and reactive species. In 
Turbulent Shear Flows 6 (ed. J.-C. Andre, J. Cousteix, F. Durst, B. Launder, 
F. Schmidt & J. Whitelaw), pp 109-118. Springer. 
[102] Sawford, B.L., 1987 Conditional concentration statistics for surface plumes in 
the atmospheric boundary layer. Boundary-Layer Meteorol. , 38, 209-223. 
[103] Sawford, B.L., Frost C.C. & Allan, T.C., 1985 Atmospheric boundary-layer 
measurements of concentration statistics from isolated and multiple sources. 
Boundary-Layer Meteorol., 31, 249-268. 
[104] Sawford, B.L. & Tivendale, C.M., 1992 Measurement of concentration statis­
tics downstream of a line source in grid turbulence. In Proc. of the Eleventh 
Australasian Fluid Mechanics Conj., University of Tasmania, 159-162. 
[105] Schumann, U., 1989 Large-eddy simulation of turbulent diffusion with chemical 
reactions in the convective boundary layer. Atmos. Environ., 23, 1713-1727. 
[106] Shea, J.R., 1977 A chemical reaction in a turbulent jet. J. Fluid Mech., 81, 
317-333. 
[107] Sirivat, A. & Warhaft, Z., 1983 The Effect of a Passive Cross-Stream Tempera­
ture Gradient on the Evolution of Temperature Variance and Heat Flux in Grid 
Turbulence. J. Fluid Mech., 128, 323-346. 
[108] Smith, N.S.A. Bilger, R.W., 1995 Conditional moment closure for turbulent 
nonpremixed combustion modelled as an imperfectly stirred reactor. Submitted 
to Combust. Flame. 
BIBLIOGRAPHY 1 78 
[109] Starner, S.H., Bilger, R.W., Lyons, K.M., Frank, H.J. & Long, M.B., 1994 
Conserved scalar measurements in turbulent diffusion flames by a Raman and 
Raleigh ribbon imaging method. Combust. Flame , 99, 347-354. 
[110] Sykes, RL, 1988 Concentration fluctuations in dispersing plumes. In Lectures 
on Air Pollution Mode/ing, (ed. A. Venkatram and J.C. Wyngaard), pp. 325-
356, AMS, Boston. 
[ 111] Sykes, RL, Henn, D.S. ,  Parker, S.F. & Lewellen, W.S. ,  1990 Large-eddy sim­
ulation of a turbulent reacting plume. 12th Symposium on Turbulence Rolla, 
USA. 
[1 12] Stapountzis, H., Sawford, B.L., Hunt, J.C.R & Britter, RE., 1986 Structure 
of the temperature field downwind of a line source in grid turbulence. J. Fluid 
Meeh., 165, 401-424. 
[1 13] Swaminathan, N. & Mahalingam, S . ,  1996 Assessment of conditional moment 
closure for single and multi step chemistry. Combust. Sei. Teehnol., In press. 
[1 14] Taylor, G.L, 1921 Diffusion by continuous movements. Proe. Lond. Math. Soc. 
20, 196-212. 
[1 15] Toor, H.C., 1969 Turbulent mixing of two species with and without chemical 
reaction. Indust. Engng Chem. Fund. 8, 655-659. 
[116] Tsunoda, H. ,  Sakai, 1., Nakamura, 1. & Liu, S . ,  1993 The effect of a circular 
cylinder on the diffusion of matter by a plume. J. Fluid Meeh. ,  246, 419-442. 
[117] Vila-Guerau de Arellano, J. , Duynkerke, P.J., Jonker P.J. & Builtjes, P.J.H. ,  
1993 An observational study on the effects of time and space averaging in pho­
tochemical models. Atmos. Environ., 27 A, 353-62. 
[1 18] Vila-Guerau de Arellano, J. ,  Talmon, A.M. & Builtjes, P.J.H., 1990 A Chem­
ically reactive plume model for the NO-N02-03 system. Atmos. Environ., 
24A, 2237-2246. 
BIBLIOGRAPHY 179 
[119] Warhait, Z. & Lumley, J.L., 1978 An experimental study of the decay of tem­
perature fluctuations in grid turbulence. J. Fluid Meeh. ,  88, 695-684. 
[120] Warhaft, Z., 1984 The interference of thermal fields from line sources in grid 
turbulence. J. Fluid Meeh., 144, 363-387. 
Appendix A 
Conditional mean reactive species 
concentrations 
In addition to the conditional mean reactive species concentrations, Qi, given in 
figures 6.7 through 6 .15, the following figures give the results of all other reactant 
ratios at the three Damkiihler numbers listed in table 3.3. 
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Figure A.1 :  Centreline conditional mean reactive species concentrations at x/M= 15. Low 
No: (A.1) 'Ij;= 0.000416, (A.2) 'Ij;= 0.000425, (A.3) 'Ij;= 0.000589, (AA) 'Ij;= 0.000722, (A.5) 
'Ij;= 0.000930, (A.6) 'Ij;= 0.00131, (A.7) 'Ij;= 0.00185; Intermediate No: (A.8) 'Ij;= 0.000930, 
(A.9) 'Ij;= 0.00116, (A.10) 'Ij;= 0.00183, (A.11) 'Ij;= 0.00264; High No: (A.12) 'Ij;= 0.00227, 
(A.13) 'Ij;= 0.00294, (A.14) 'Ij;= 0.00342, (A.15) 'Ij;= 0.00464, (A.16) 'Ij;= 0.00539, (A.17) 'Ij;= 
0.00651. 
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Appendix B 
Frequency Response of 
Chemiluminescent Analysers 
B .1 Introduction 
The chemiluminescent analysers (CLA) give continuous measurements of the con­
centrations of the reactants, NO and 03, in the Turbulent Smog Chamber (TSC). 
Knowledge of their frequency response is essential for the correct interpretation of 
the experimental results. The performance must be adequate, not only to measure 
concentrations at frequencies that contribute to the variance (the frequency of the 
energy containing eddies is about 1 Hz) , but to determine the spectral behaviour of 
the reactants and that of the mixture fraction. Investigation of the adequacy of the 
measured frequency response to achieve this is undertaken in §3.1 .3. 
Considerable time and care were taken to measure the frequency response be­
cause adequate performance in this area is essential for useful data. Frequency re­
sponse is a characteristic of a CLA that is difficult to measure. An example of a simple 
response time test on CLAs can be found in Maffiolo et al. (1988) . Their instruments 
had frequency responses in the order of 1 Hz which is typical of commercially available 
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CLAs. 
Time domain and frequency domain methods are used to measure the frequency 
response of the CLAs. Relevant theory and testing procedures are explail:\.ed for each 
method. The frequency response of the CLA with three different reaction chambers 
is investigated. A cold wire (CW) is used in the frequency response test. It appears 
that the CW contributes to an artefact in the low frequency response of the CLA and 
reasons for this are investigated. 
B . 2  Principles of Operation 
The CLAs described here were originally developed by Mudford and Bilger (1983). 
Modifications have been carried out to increase the frequency response but the prin­
ciples of operation are basically the same. The following description should be used 
in conjunction with §3.1.3 and its associated figures. The sample to be tested is taken 
from the Turbulent Smog Chamber (TSC) through a 1 .4 mm sonic nozzle and sample 
tube 3 .1  m long and 2.8 mm in diameter. The time for travel in the sample tube is 
small but finite and is accounted for in the data processing. Limited mixing takes 
place in the tube, as discussed by Cussler (1984). The present frequency response 
measurements include these effects as they were made with the full sample tube in 
place. The sample and reactant-in-excess are mixed and then drawn through the 
reaction chamber by a large vacuum pump with capacity 63 std m3h-1 and ultimate 
pressure 2 torr. This mixture then passes in front of a window in the reaction cham­
ber where photons emitted by the reaction are detected by a photomultiplier (PM) 
tube used in linear mode. The spent gases leave through a hole in the end of the 
chamber into a manifold to the vacuum pump. The signal output from the PM tube 
has been found experimentally to be linearly related to the concentration of the gas 
being measured. The differences in the reaction chambers are in the way the sample 
and reactant-in-excess are mixed and in the size. The frequency response of the CLA 
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with the following three types of reaction chamber design have been tested: 
1 .  mixing slot, large reaction chamber, Vc.u =62 cm\ 
2. normal premixed jet, large reaction chamber, and 
3. tangential premixed jet, small reaction chamber, Vce]] =33 cm3. 
Reaction chamber type #1 is shown in figures B.1(a) and (b). Two plenum 
annuli receive the sample and reactant-in-excess gases and distribute them radially. 
The plenum nearest the window is for the sample gas. The streams pass through a 
"mixing slot" and then enter the reaction chamber which has a volume of 62 cm3. 
This design was used by Bilger et al. (1991), Saetran et al. (1989), Ibrahim (1987) 
and Mudford & Bilger (1983). 
Reaction chamber type #2 is identical to type #1 except that the sample and 
reactant-in-excess gases are introduced through a "T" piece to a tube in which the 
gases pass down and then enter the reaction chamber in a premixed state. The entry 
is through the outer circumference of the back wall normal to the window. This type 
was used by Li and Bilger (1993) and Li et al. (1992). 
Reaction chamber type #3 is of a completely different design and is shown 
in figure B.2. The sample and reactant-in-excess are premixed in a "T" piece and 
tube and enter the reaction chamber tangentially close to the window. The reaction 
chamber has a reduced volume of 33 cm3 which is approximately half the volume of 
the other reaction chambers. The shape is conical and is designed to allow reaction 
Refer to drawings on following pages. 
Figure B.1: Chemiluminescent reaction chamber type #1 having two plenum annuli. (a) 
detail drawings. (b) assembly drawing. 
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to occur close to the window and give good residence time distribution by eliminating 
dead spots. The tangential velocity of the gas introduces swirl which will encourage 
the thorough mixing of the sample and reactant-in-excess gases. This type of reaction 
chamber was used for the present experiments and for some of those of Li & Bilger 
(1995a). 
Alternative reaction chamber designs to that of type #3 were considered. For 
example, figure B.3 shows a nonpremixed configuration. However, it was thought that 
type #3 would give a better result because it allows for the sample and reactant-in­
excess to mix to the molecular level before passing in front of the window in the 
reaction chamber. In this way, the maximum number of photons emitted during 
the chemiluminescent reaction will pass through the window to the PM tube, rather 
than be emitted in the exhaust manifold on the way to the vacuum pump. Because 
reaction chamber type #3 gave sufficient performance to measure the quantities of 
interest, no further reaction chamber development was carried out. 
After the present experiments were completed, a new type of CLA was under 
development that used PM tubes in photon counting mode with a reaction chamber 
considerably smaller than that of type #3. This led to an increase in frequency 
response and an improved signal to noise ratio. For further details see Li & Bilger 
(1995, 1996). 
Refer to drawing on following page. 
Figure B.2: Chemiluminescent reaction chamber type #3 having tangential prernixed jet 
entry to a conical reaction chamber - detail drawing and sectional view after Brown (1992, 
p41). 
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B .3 Testing Procedures and Results Analysis 
The behaviour of the CLA through the full range of frequencies in its operational 
range is to be determined. This will be done by giving it a known input signal and 
measuring the output signal. Two types of tests have been performed on the CLA 
each with a different type of known input: 
1 .  stationary random signal input - A FFT is then used to give the response of 
the CLA in the frequency domain, and 
2. step input - This gives the frequency response in the time domain. 
These two methods have been used to test the CLA with three different types 
of reaction chambers. 
B.3.1 Frequency Domain 
The CLA is assumed to be a constant parameter linear system. It has been found 
experimentally to have a linear relationship between concentration and voltage in 
steady state response. The dynamic behaviour of this type of system is described by 
Bendat & Piersol (1971, 38-41,136-37) and Rabiner & Gold (1975). The weighting 
function h( T) is defined as the output of the system at any time to a well-defined 
Refer to dmwing on following page. 
Figure B.3: Alternate design for chemiluminescent reaction chamber type #3 having a 
nonpremixed entry for sample and reactant-in-excess gases - sectional view drawing. 
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single input Vino The convolution integral 
y(t) = ['" h(T)X(t - T)dT (B.l) 
gives the system output for an arbitrary input. Taking the Fourier transform of 
both sides of equation B.l gives the transfer function in the frequency domain for a 
constant parameter linear system which is the simple algebraic expression 
Y(1)) = H(1))X(1>), 
where X(1)) is the Fourier transform of an input x(t), Y(qI) is the Fourier transform 
of the resulting output y(t), and H(qI) is the frequency response function. 
For the determination of coherence and phase, the cross spectral density Gxy 
must be found from the output of the FFT algorithm. Taking Gx as the power 
spectral density function of the input we have: 
The coherence function between the input x(t) and the output y(t) is then given by 
The coherence function gives the fractional proportion of the mean square value of 
the output y(t) which is contributed to by the input x(t). The phase, is simply found 
from the argument of the transfer function, phase= argH(qI). 
The input of the CLA, which is a fluctuating concentration of nitric oxide or 
ozone, cannot be determined directly. To determine Gx(1)) it was necessary to find 
a suitable "input" signal to use which would have a high correlation with the CLA 
input signal and be able to be measured at a higher frequency response than was 
expected from the CLA. This was achieved by placing a cold wire (CW) (frequency 
response �1000 Hz) measuring temperature very close to the CLA sample nozzle 
(separation 3-10 mm). By heating the inlet stream of the TSC � 4 °C above ambient 
and doping it with ozone, these two physical quantities had a correlation close to 
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unity because of their common boundary and initial conditions. Simultaneous time 
domain measurements of both CLA and CW output signals were made and stored on 
disk. 
The two signals from the CLA and CW are then processed using a FFT algorithm 
and the corresponding energy spectra obtained. The energy spectra of the CLA is 
divided by that of the CW and is denoted as H(,p) . The point where H(,p) decreases 
to half of its peak value is the frequency response of the CLA. Scaling of the input 
and output was not necessary because only constants were involved which would not 
affect the shape of the transfer function. 
B.3.2 Time Domain 
In addition to the frequency domain study described above, a time domain study was 
also made (Rabiner & Gold,1975) . The experiment was performed by giving a step 
input to the CLA and finding the time constant, T, the time for the response of the 
CLA to rise to 63.1% (= (1 - e-1 ) x 100%) of its final value. From T it is possible 
to find the frequency response. The step input was a change in concentration ll.fNO 
which corresponds to a voltage change in the output from the CLA of ll.v once a 
steady state has been reached. The response of a first order linear system to a step 
input, ll.v is given by 
_ A (1 -tiT) out - uV - e . 
Differentiating, substituting equation B.2, and rearranging gives 
dVout dVout � Vin 
-- + -- = - . 
dt T T 
(B.2) 
(B.3) 
Taking ll.v as the input to the system, Vin, we find the transfer function by taking 
the Laplace transform of equation 8.3 to give 
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The transfer function is 
Letting 8 = jw = j21r<p, gives 
Vout 1 
= 
Vin 1 + T8 
1 
1 + j21fT<p · 
197  
(BA) 
The frequency response, <Po, is defined as the point where the energy of the transfer 
function will be halved. This occurs when the magnitude of the transfer function in 
equation BA is  reduced by a factor of 1/  V2 giving 
B.4 Results 
1 
<Po = -. 
21fT 
B.4.1 Previous Frequency Response Results 
(B.5) 
The CLA of Bilger et al. (1991) (CLA type #1) is reported as having a -3 dB 
frequency response of 23 Hz. This was apparently determined from the frequency 
response of a first order linear system, <Po, derived in §B.3.2, 
1 
<Po = -. 
21fT 
The time constant of the system, T, is given by 
Vcell Peen 
T - -- --
- Qtotal Patm ' 
(B.6) 
where the cell volume, ""ell, is 62 cm3, the total flow rate, Qtotab is made up of the 
reactant-in-excess flow rate of 220 std cm3s-1 and a sample flow rate, Qsample, of 80 
std cm3s-l ,  and cell pressure, Peell is 3.4 kPa. Assuming a perfect residence time 
distribution, equation B.6 gives T = 7 ms, then using equation B.5 gives <Po R;23 Hz. 
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B.4.2 Frequency Response Tests 
Results for the frequency response tests will now be presented for each of the three 
reaction chambers. All frequency domain tests were conducted with the following 
conditions: sampling frequency of 128 Hz using 50 Hz low pass filter with 32,768 points 
sampled on each channel. The CLA sample probe and CW were placed approximately 
10 mm apart, downstream of the grid of the TSC. The mean flow velocity was 0 .5 
ms-l .  Time domain tests were done under the same conditions but only included 
enough sample points to cover the change in CLA response. 
B.4.2.1 Type #1: Mixing slot, large reaction chamber 
The results of a step input experiment for type #1 CLA without sample tube are 
shown in figure B.4. The step was produced by manually removing a tube discharging 
03 away from the sample nozzle. The value of T is approximately 15 ms giving a 
frequency response of 10 Hz. This CLA was not used for experiments in the present 
study and so the effect of adding the sample tube was not investigated. A frequency 
domain test for a type #1 CLA under the same conditions as that for the step input 
test also showed a typical frequency response of 10 Hz. 
B.4.2.2 Type #2: Normal premixed jet, large reaction chamber 
A typical energy spectra and transfer function for the type #2 CLA are shown in 
figure B.5. The maximum value of the transfer function is 60 and so the frequency 
corresponding to half of this value is seen to be about 21 Hz. The transfer function 
is not showing a plateau and the reasons for this are discussed below. 
The time domain frequency response test for CLA type #2 using a step input 
gave a similar result to that obtained using the frequency domain test. Further time 
domain tests were not used because they had confirmed the results of the frequency 
domain tests and did not give as much useful information as the frequency domain 
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Figure B.4: Time domain frequency response test on CLA type # 1  (mixing slot, large 
reaction chamber) to a step input (removal) of 03, Test conducted with sonic nozzle but 
without sample tube. 
tests. 
B.4.2.3 Type #3: Tangential premixed jet, small reaction chamber 
Energy spectra and transfer function for CLA type #3 are shown in figure B.6. 
The frequency response of this CLA is 20 Hz, much the same as that of CLA type 
#2. Higher frequencies are dominated by noise. The transfer function is considerably 
flatter than that of CLA type #2, which is much to be preferred. The change in the 
transfer function is presumably due to the small reaction chamber and the tangential 
jet giving a better residence time distribution. Premixing of the sample and reactant­
in-excess also appears to have helped. The transfer function is dropping off at low 
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FREQUENCY 
Figure B.5: Frequency domain frequency response test on CLA type #2 (mixing slot, large 
reaction chamber using normal premixed jet). Spectra of the CW (mid-shaded line) and 
CLA (light-shaded line) are shown and are used to obtain the transfer function, H(q,) (solid 
line) . 
frequencies as does that for CLA type #2. The coherence and phase of the input 
(CW) and output (CLA) signals are shown in figures B.7 and B.S. At 20 Hz, the 
coherence is O.S which means that, at this frequency, the input to the CLA contributes 
to SO% of its output. The phase does not become incoherent until 50 Hz is reached. 
The data shown in figure B.6 represent the last of approximately one hundred 
such tests on CLA type #3. In total, over three hundred frequency response tests 
on all CLA types were performed over a period of approximately four months. The 
large number of tests was required to test different reaction chamber designs and to 
optimize the following parameters relating to the CLA instrumentation; 
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Figure B.6: Frequency domain frequency response test on CLA type #3, (tangential pre­
mixed jet, small reaction chamber). (B.6), CW and CLA spectra and resultant transfer 
function, H(q,). (B.7), coherence between CW (input) and CLA (output). (B.8), associ­
ated phase. 
1 .  sample and reactant-in-excess flow rate, 
2. reactant-in-excess concentration, 
3. reaction chamber pressure, 
4. reaction chamber design (use of reflective surfaces and mirrors etc), 
5. reaction chamber temperature, 
6. length and diameter of sample tube, 
7. high-tension voltage applied to the PM tubes, and 
8. vacuum pump performance. 
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The parameters, once optimized, were maintained throughout the experimental 
phase of the research. 
The frequency response of CLA type #3 is currently limited by high frequency 
noise, the mixing-chamber volume and the length of the sample tube. The shape of 
the transfer function appears to drop off at low frequencies, however, this is thought 
to be an artefact of the CW, being caused by an increase in the low frequency spectra 
of the CW relative to that of the CLA at low frequencies. This is further investigated 
in the next Section. 
B . 5  Cold Wire Response at Low Frequencies 
The drop in the transfer function in figures B.5 and B.6 (which were both sampled 
in 0.5 ms-l velocity flow) is due to an increase in the CW spectra at low frequencies 
relative to that of the CLA. There is no known reason to suppose that the CLA should 
have an actual transfer function which drops, as it appears to do, at low frequencies. 
It is thought that this behaviour is caused by an artefact of the CW. The following 
Section uses material from the literature on the subject to show that the observed 
behaviour of the CW at low frequencies is indeed consistent with that found by others. 
In order to further investigate the behaviour of the transfer function, data were 
recorded from the CW and CLA under quiescent conditions (with zero velocity and 
without any heating or ozone present) .  These data are presented in figure B.9 and 
show increasing energy spectra of the CW relative to that of the CLA as frequency 
drops. CW spectra from a high velocity flow (>=:J 7 ms-I) with temperature fluctuation 
are shown in figure B.10 and show the same behaviour as that in the previous 0 and 
0.5 ms-l flows. 
Parantheon et al. (1982) has described two low frequency effects on a CW: (1) 
end conduction loss, and (2) thermal boundary layers around the prongs. Both these 
effects are enhanced in this case because of the low mean velocity of this experiment 
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and the need to evaluate the frequency response at low frequencies. Quantitative 
estimates of these effects will now be made. 
B.5.1 End Conduction Effects 
According to Parantheon et al. (1982), the transfer function of a CW taking end 
conduction into account in the range 10-2 up to 10 Hz can be written as 
1 
le = �d (Aw _1_) 2" , 
2 Ag Nuw (B.7) 
where I is the length of the wire, le is the cold length, d is the diameter of the wire, Aw 
and Ag are the thermal conductivities of the wire and the gas respectively, Tp and Tw 
are the time constants of the prong and the wire respectively, and Nuw is the Nusselt 
number of the wire. For Reynolds number Re = U d/ v :::: 0.5, Nu is given by Antonia 
et al. (1981) as 
The magnitude of the transfer function from equation B.7 can be found by 
complex number algebra to give 
(B.8) 
An estimate for the time constants must now be made. Tw is given by Antonia 
et al. (1981) as 
PwCwd? Tw = 4AgNu ' 
where Pw and Cw are the density and specific heat respectively of the wire. 
Perry et al. (1979, p416) derives the following equation for Tw 
PwCwl2 A 
(B.9) 
(B.10) 
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where A is  the cross-sectional area of the wire, pw the density of the wire, R the 
resistance at the instantaneous gas temperature, I the wire current, h the heat transfer 
coefficient, and C is the temperature coefficient of electrical resistivity (Ctungsten = 
-5.2x10-3 K-l) .  
An estimate of Tp may be made by calculating the transfer function from the 
thermal balance equation of the prong as a lumped system given by Perry (1982, p25) 
(B. I l ) 
where hp is the overall heat transfer coefficient for heat convection to the prong, 
Og and Og are the instantaneous and mean gas temperatures, he is a coefficient for 
heat conduction to the holder, Op is the prong temperature, Gp is the thermal storage 
capacity of the prong, v is the volume of the prong, and Ro is the resistance of the 
wire at the reference temperature. 
Taking the Laplace transform of equation B.Il  and rearranging gives 
Op hp 
Og - hp + he + Gps . (B.12) 
Noting that he � 0, because the thermal mass of the holder is very large, the time 
constant can be found 
(B.13) 
The CW used was a DISA type 55Pll with I = 1 .3mm and d = 5J.1m. For the 
conditions of this experiment, NUwire = 0.50, NUprong = 1.8, and le = 0.28 mm. The 
time constant of the wire, Tw , is estimated by equation B.10 to give Tw = 0.6 ms, 
while equation B.9 gives 1.2 ms. The value of Tw for the transfer function will be 
taken as 1 ms. 
The time constant of the prong may be estimated using equation B.g and con­
sidering the prong to be a large wire giving Tp = 0.3 s. Alternatively, equation B.13 
gives Tp = 1 .  7 s. We will assume 1 s as the time constant for the prong. 
APPENDIX B. CLA FREQUENCY RESPONSE 207 
1 .1r---------------------, 
1 1---__ 
� 
.s � 0.9 
o 
t3 s::::: � 0.8 
� 
re 0.7 
� 
0.6 
.1 1 0 
Frequency (Hz) 
Figure B.ll:  Transfer function for CW where end conduction is significant. 
The transfer function, equation B.8, may now be plotted and is shown in fig­
ure B .ll .  The fall in the transfer function is seen to start at about 0.05 Hz and 
plateaus out at 1 Hz to the value of 0.71 which corresponds to -3 dB. 
B.5.2 Thermal Boundary Layer 
At low velocities, the thickness of the thermal boundary layer, lb, around the prongs 
cannot be neglected. The irregular shape of the prongs make it impossible to calculate 
lb by any formula, but Parantheon et al. (1982) has given a rough estimate of its 
order of magnitude as 
(B.14) 
where Kw is the thermal diffusivity of the wire and d the diameter of the prong tip. 
Equation B.14 gives Ib=0.18 mm, a very significant length compared with 1 =  1 .3 mm. 
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The thermal boundary layer will cause the transfer function to plateau in the same 
way as end conduction losses do as shown in figure B.ll.  The level of the plateau, 
Hp is given by Parantheon et al. ( 1982) as 
(B.15) 
where le is the cold length given by equation B.7. Equation B.15 gives Hp=0.46 which 
corresponds to a drop of nearly -7 dB. 
H�jstrup et al. (1976) also discuss the effect of the thermal boundary layer on 
the frequency response at low frequencies. They show that the transfer function may 
be attenuated by up to -15 dB at 0.4 Hz for a wire similar to the one used in this 
experiment. All their experiments were done at zero velocity. No direct conversion 
can be made to the velocity used in the present experiment but U = 0.5 ms-1 is a 
low velocity and significant attenuation could be expected. 
B.5.3 Conclusion: Cold Wire Response at Low Frequencies 
The effects of end conduction loss and the thermal boundary layer on a CW at 
the low velocities used in this calibration procedure are significant. When considered 
separately, attenuations of up to -3 dB and -7 dB respectively could be expected in the 
frequency range 0.05 Hz to 1 Hz. This compares with an attenuation of approximately 
-11  dB between 0.05 Hz and 1 Hz in the transfer function, H( q,) = GGCL • •  Given the 
cw 
uncertainties in estimating the CW attenuations, the low frequency effects of the CW 
may be able to explain this dropping off of the transfer function below 2 Hz. There 
may also be some other factors, possibly associated with the electronics of the CW, 
that could be contributing to the problem. 
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B.6 Discussion 
The previous tests and calculations (§B.4.1) found a frequency response for type 
#1 reaction chamber of 23 Hz. When we tested this type (§B.4.2 .1 )  in time and 
frequency domains, the frequency response was found to be 10 Hz. The difference 
could be because we did not know some of the details of the previous tests and so 
were unable to repeat them exactly. The response may also be less than expected 
because of a plenum in the sample inlet manifold which was not considered in the 
calculation of the 23 Hz frequency response. The plenum acts as a "dead" volume 
with the characteristics of a low pass filter. The pressure of the "plenum" is greater 
than that of the reaction chamber and its volume is 28 cm3, which is nearly half the 
volume of the reaction chamber (62 cm3) .  
The transfer function, H(<fJ) = GGCL> , begins to fall unexpectedly below 2 Hz for cw 
all reaction chambers tested. For example, figure B.6 shows that, at low frequencies, 
as the frequency is reduced the spectra of the CLA start to level off while that of the 
CW increase. This cannot be true physically and, in §B.5, an estimate of the effects 
of end conduction and the thermal boundary layer on the frequency response of a 
CW shows that these two time constants could explain the anomalous behaviour of 
the CW spectra and thus the falling of H ( <fJ). At this time, there seems no reason to 
think that the CLA has an unusual response at low frequencies. 
B . 7  C onclusion 
The frequency response of types #2 and #3 CLAs have been measured by both 
time and frequency domain methods with good agreement. The frequency response 
is found to be approximately 20 Hz which is adequate for spectral studies, gives 
enough resolution for the comparison of the data with theoretical predictions and 
is more than an order of magnitude higher than the energy containing eddies. The 
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advantage of CLA type #3 (which was used for the present experiments) is that i t  
has a flatter frequency response than that of type #2. The apparent drop in the 
frequency response of type #2 and #3 CLAs at low frequencies appears to be due to  
an artefact of the CW response, rather than a problem with the CLA. 
Appendix C 
Scalar Gradient in 
Grid-Turbulence 
Once a linear conserved scalar gradient is established in grid-turbulence, it is shown 
below that the gradient will be maintained as the flow develops. Such a flow using 
reactive scalars would be an interesting subject of study because an equivalent non­
reactive thermal flow has been studied by Sirivat and Warhaft (1983). A scalar, such 
as concentration, could be introduced into a grid flow by a manifold feeding a gas 
to a parallel array of fine tubes, with small holes drilled in them, located in a plane 
normal to the direction to the mean flow. The gradient could be created by varying 
the spacing of the holes in the tubes and/or the spacing of the tubes. Care would 
need to be taken to introduce the scalar at a scale that was small relative to that 
of the turbulence. For reactive experiments, the background flow could be doped 
homogeneously and this would cause the gradient of the reactive scalar to become 
non-linear as reaction proceeded. 
An equation for the scalar gradient in constant density grid-turbulence can be 
derived by taking the conservation equation for a scalar, 0, 
fJ0 at + UV0 - V . (Dx V0) = We· (C. 1 )  
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By use of the product rule and substitution of means and fluctuations for instanta­
neous values, 8 = e + 0 and U = U + u, equation C.1 is written in the Reynolds 
averaged form 
u - = - 'De - - uO + we. -8e 8 ( 88 -) 8:e 8:e 8:e 
Noting that in homogeneous grid-turbulence, V = Vi = 0, streamwise fluxes can 
be neglected and U has spatial derivatives of zero which gives 
-88 8 ( 88 -) U 8x = 8y 'De 8y - vO + We· (C.2) 
Jayesh & Warhaft (1992), Sirivat & Warhaft (1983), and Corrsin (1952) arrive at the 
same result for a non-reactive scalar such as temperature, where the source term is 
zero. The rhs of equation C.2 is zero for a linear conserved scalar gradient which 
shows that such a gradient will maintain itself in grid-turbulence and is independent 
of x, the streamwise coordinate. Sirivat & Warhaft (1983) explain this by noting 
that the probabilities of a particle arriving at a certain point with an excess or deficit 
of scalar are equal, from which it follows that the mean conserved scalar along a 
streamline (constant x) will not change. 
